| 
JOURNAL 


OF 


APPLIED PHYSICS 








eT 


i 





JOURNAL 
OF 


APPLIED PHYSICS 


OCTOBER, 1941 





In This Issue 


Maintaining the Supply of Physicists 
Role of Physics in Dentistry 
Frictional Phenomena. III 


Frictional Phenomena. IV 


Contributed Original Research 


Preliminary Report on the Development of a 300-Kilovolt 


Magnetic Electron Microscope 
V. K. Zworykin, J. HILurer, AND 


Arntuur B. GABEL 712 
ANDREW GEMANT 718 


ANDREW GEMANT 725 


A. W. Vance 738 


BOARD OF EDITORS 


Etmer Hutcuisson, 
Editor 


Associate Editors 


a en Francis BItTER 
Vol. 12, No. 10 W. F. Busse 
 eemeneienmmmieel Rosiey D. Evans 
Morris Muskat 
B. E. WarREN 
J. B. Wuaitreneap 


Page Publication 
711 of the 
American 


Institute of Physics 


ADMINISTRATIVE 
STAFF 
Henry A. Barton, 
Director 


Mapeuine M. Mitcue.t, 
Publications Manager 


Studies in Lubrication. X. Friction Phenomena and the Joun T. Tarte, 


Stick-Slip Process 


F. Morcan, M. Muskat, anno D. W. Reep 743 


Elastic Aftereffects and Dielectric Absorption in Glass 


Adviser on Publications 


GOVERNING BOARD 


Netson W. Taytor 753 Paut E. Kvopstec, 


Determination of Object Thickness in Electron Microscopy 


Chairman 
GeEorGE B. PEGRAM, 


L. Marton Aanpb L. I. Scuirr 759 Secretary 


In Every Issue 
Here and There 
New Books 
New Instrument Booklets 
Calendar of Meetings 
Innovations in Instruments 


Index to Advertisers 


Kari T. Compton 
WHEELER P. Davey 
FLtoyp A. FIRESTONE 





734 Harvey FLETCHER 
735 R. C. Gipss 
pra Artuur C. Harpy 
— Georce R. Harrison 
765 A. Sruart Hunter 
766 H. R. Livre 

aie A. G. WortTHING 
vill W. B. Rayton 


Joun T. Tate 
WALLACE WATERFALL 














The JouRNAL oF APPLIED Puysics, published monthly at 
Prince and Lemon Sts., Lancaster, Pa., is devoted to physics in its 
role as the science basic to other natural sciences and to the arts 
and industries. Previous to 1937 this publication was known as 
Puysics. It aims to be of service not only in physical laboratories, 
but also in the laboratories of industrial, chemical, geological, 
geophysical, meteorological, radio, and similar concerns. The 
JOURNAL OF APPLIED Puysics publishes editorials, news of physi- 
cists and reviews, as well as technical papers of applied physics. 


Manuscripts should be submitted to Elmer Hutchisson, 
Editor, American Institute of Physics, 175 Fifth Avenue, New 
York, New York. 


Subscriptions and orders for back numbers should be addressed 
to Prince and Lemon Streets, Lancaster, Pa. or to the American 
Institute of Physics, 175 Fifth Avenue, New York, N. Y. 

SUBSCRIPTION PRICE 


U. S. AND 

CANADA ELSEWHERE 
To members of scientific societies......... $5.00 $5.70 
igi a a a cake da wee paene ice 7.00 7.70 


Single copies are $.70 each. 

Changes of address and proofs should be addressed to the 
Publications Manager. 

Advertising rates supplied on request. Orders, advertising copy 
and cuts should be sent to the American Institute of Physics. 


Entered as second class matter at the Post Office at Lancaster, Pennsylvania, under the Act of March 3, 1897. 
Accepted for mailing at the special rate of postage provided for in the Act of February 28, 1925, authorized May 2, 1932. 


Copyright 1941, by the American Institute of Physics. 





iS 


cs 





Journal 


of 


Applied Physies 





Volume 12 October, 1941 Number 10 





Maintaining the Supply of Physicists 


“One of the greatest resources in the arsenal of “I wish to urge the immediate expansion of 
Democracy is our national ability and interest in our research facilities in pure and applied science 
Industrial Research. For the vigorous prosecution of and the more systematic application of what we 
our defense program and for the assurance of na- already know in these fields. This is the more 
tional progress after the emergency we rely heavily urgent today because through it we can help alle- 
on the continued vitality of research by industry in viate the hardships of our people during and after 
both pure and applied science. . . .” this war. . . .” 

FRANKLIN D. ROOSEVELT HERBERT HOOVER 


A CAREFUL reading of these quotations from two men of opposing political philosophies brings 
out a striking similarity in purpose. Each emphasizes the need for scientific research in the 
present emergency. There is, however, a second point stressed in each of these quotations—the 
need for scientific research for ‘‘national progress after the emergency.” It is with this second point 
that we are concerned in this brief editorial note. 

In an emergency such as the present one, we all realize that it is unavoidable that physicists in 
industrial laboratories have had to give up research upon what one might call ‘‘company problems” 
in favor of defense problems. It is unavoidable that physicists have been drafted in alarmingly 
large numbers from universities and that, as a result, teaching programs and pure science research 
programs have been greatly curtailed. Although unavoidable, these facts and the difficulties they 
raise should not be minimized. Whether or not the war continues for a long time, an increasing 
number of new physicists will be needed. The responsibility exists, therefore, for physicists as a 
group to develop a plan whereby in spite of the depletion of many university staffs, training of 
new physicists will proceed at a rate at least as large as before the emergency. 

It would be presumptuous to recommend a definite plan here. The formulation of an adequate 
plan requires much thought and thorough discussion. It seems essential that more and better students 
be led into physics both in high school and in the early college years. Perhaps the establishment of 
roving lectureships would spread the contagious enthusiasm of a few of our outstanding leaders 
over a much greater audience. Perhaps radio programs or science exhibits would help arouse interest 
among students. A second requirement of any comprehensive program to maintain the supply of 
well-trained physicists in spite of depleted staffs seems to be a critical analysis of the value of each 
course in the curriculum. Basic courses in mechanics, heat, sound, electricity, electronics and optics 
should be expanded at the expense of ‘‘frills.’” Courses should include more problem solving and less 
lecturing. It seems that some plan should be worked out to give students a better opportunity to 
carry on research especially at those institutions whose research leaders are on leave. Perhaps, 
defense research carried on away from the institution giving the degree could be counted as part of 
the thesis requirement. These are only a few of the questions that need to be thrashed out. It is 
the purpose of this note to recommend that a group be called together in the near future to consider 
seriously what may be done to insure a continuing supply of well-trained young physicists. 
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The Role of Physics in Dentistry 


By ARTHUR B. GABEL 


The Thomas W. Evans Museum and Dental Institute; School of Dentistry, University of Pennsylvania, 
Philadelphia, Pennsylvania 


HE scope of the application of the principles 

of physics to dentistry is not widely 

recognized. The purpose of this paper is to outline 

some of the more fundamental dental problems to 

which physical principles may be applied and to 

show what progress dentistry has made in their 
application. 

Before going into the more specific problems 
let us consider the masticatory apparatus as a 
whole. In the main it consists of two parts, one 
fixed, the other movable, the upper and lower 
jaws or maxilla and mandible, respectively. The 
lower jaw is U-shaped with the ends of the U 
turned upward. The posterior parts of these ends 
terminate in elongated knobs, called condyles, 
with their axes nearly perpendicular to the 
median plane but usually pointing slightly back- 
wards. The upper surfaces of these elongated 
knobs form part of the articulation with the skull 
but a movable disk of cartilage is interposed 
between the bone surfaces (Fig. 1). Each joint isa 
sliding hinge. When the mouth is merely opened 
the horizontal axis moves forward and dewn 
(Fig. 2) onto a prominence on the articulating 
surface of the skull. For incising, the jaw may be 
thrust straight forward, but in ordinary chewing 
it swings to the side during the opening move- 
ment and as it clamps down on the bolus of food 
swings back to the center position with a resultant 
crushing and shearing action on the _ bolus. 
During movement, in addition to the rotation 
about a horizontal axis, there is also a rotation 
about a nearly vertical axis which may lie com- 
pletely outside of the head. 

The discussion so far has ignored the fact that 
the movements of the lower jaw are influenced by 
the antagonistic tooth surfaces. The highest 
points of the teeth of each jaw, when in contact, 
lie approximately in a surface called the occlusal 
plane (Fig. 3). This is not actually a plane but a 
surface curving anteroposteriorly and also later- 
ally. It has even been described as spherical. In 
addition there are the inclined surfaces of the 
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cusps and ridges of the individual teeth to be 
considered. ‘ 

It is probable that, in the normal case, the 
resulting arrangement of the small inclined 
surfaces of the opposing teeth are of far greater 
importance in determining mandibular movement 
when the teeth are in contact or separated by a 
thin layer of food than are the joints. 

It can be seen that the movements of the 
mandible are complicated and varied. In the 
normal case the tooth surfaces in contact are so 
coordinated that any customary. movement can 
be executed smoothly and without putting any 
undue strain on individual teeth, their sup- 
porting tissues, or any parts of the mandibular 
joints. When, however, one or more of these 





Fic. 1. Portion of a skull showing the mandible in its 
normal resting relationship. Disk of cartilage not shown. 


parts is not properly coordinated, normal move- 
ment is interfered with and some part of the 
apparatus is subjected to a stress which nature 
has not designed it to withstand without injury. 
This constitutes one of the major problems in 
dentistry. 
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Dentists have been unable to carry out the 
complicated technique of replacing lost teeth by 
working directly on the patient. It is necessary to 
make casts of the surfaces of the jaws which will 





Fic. 2. Diagram showing path of mandible in simple 
opening and closing. In pure rotation A moves along AB; 
but in, real movement A moves along AC, while condyle 
axis moves along RF parallel to R’ F’. 


bear these replacements and to mount these casts 
in their correct relationship on a mechanism, 
called an articulator, which attempts to duplicate 
the movements of the lower jaw. Some of these 
devices and the registrations and adjustments 
required are quite complicated, yet, about the 
best any of them will do is to produce a forward, a 
right, and a left movement from the rest position. 
The end points are accurately registered but the 
paths by which they are reached are purely 
arbitrary. In spite of these shortcomings the 
result may be decidedly satisfactory, first, be- 
cause the actual working movement of the 
mandible is only a few millimeters and so the 
deviation from the true path can be only slight, 
and second, because the yield of the soft tissues 
will permit of a slight departure from this path. 
In addition, clinical experience seems to indicate 
that the dental mechanism has considerable 
ability to accommodate. 

The analytical treatment of mandibular move- 
ment would in all likelihood be unnecessary and 
also too complicated for general practical use. 
However, a fundamental knowledge of the 
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principles of a general solid displacement of a 
rigid body would undoubtedly be of benefit in 
certain unusual types of cases and in a pure study 
of mandibular movements. 

The problems involved in construction aside 

from the kinematical one of determining the 
displacements of the mandible are entirely those 
of statics. They are concerned only with main- 
taining a state of equilibrium at all points within 
the working range of the mandible, between the 
force of mastication, the reacting forces at the 
points of support, the pull of sticky foods, and the 
force of gravity acting on appliances in the upper 
jaw. 
The partial prosthetic appliance, or so-called 
partial plate, partly tooth supported and partly 
soft tissue supported, offers the greatest problem 
to the average dentist. Lacking a knowledge of 
mechanics he usually tries to type these ac- 
cording to some scheme proposed by a prac- 
titioner who has had a higher degree of success, 
usually through a better basic understanding of 
the problem. 

The forces previously mentioned, that is, 
masticatory, supporting gravitational, and those 
resulting from sticky foods, are the only ones 
applied and are practically parallel, thus simpli- 
fying the mechanical considerations from the 
standpoint of the stability of the appliance. 

However, these appliances are usually attached 
to the supporting teeth by devices, taking ad- 
vantage of undercuts or friction so as to resist 
small displacing forces opposite in direction to 
those of mastication. Where the supporting teeth 





Fic. 3. Diagram of mandible showing anteroposterior 
curvature. 
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are distributed so as to be able to carry the whole 
load the difficulties are not great. But, where part 
of the support must be furnished by gum tissue, 
another factor comes in. Since there may be 
more yield to the gum tissue support than to the 
tooth support, torques which eventually result in 
injury to the tissues supporting the abutment 
teeth are produced. Failure to overcome these 
torques has resulted in the loss of many sound 
and useful teeth. 

In order to overcome this effect, several years 
ago the writer designed a clasp with a hinged 
joint (Fig. 4) which permits the supporting tooth 
to carry its full vertical load but does not permit 
any torque! to be transmitted to it as a result of 
compression of the gum tissue. So far this design 
has been applied to the lower jaw only. There are 
certain technical difficulties encountered in ap- 
plying it to the upper. Besides it is not quite so 
necessary here because of the larger soft-tissue 
bearing area on the hard palate. 

The displacement of the individual tooth under 
various loadings and the means of its support 
present an interesting and important problem. 

The tooth root is not in immediate contact 
with its bony socket but is separated by a 
membrane, the dental periosteum, roughly 1/100 
of an inch thick. This thickness varies over 
different parts of the root, being greatest where 
the displacement is greatest. Running through 
this membrane are tough fibers, one end of which 








Fic. 4. 
torque. Hinge axis is placed over estimated rotation center 
of tooth. Bar-end in box permits only one degree of 
freedom. 


Partial plate with hinged clasps to remove 


“1 Arthur B. Gabel, “A non-torque clasp,” J. Dent- 
Research 14, 457 (1934). 
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Fic. 5. Synge’s calculations of pressures p in terms of 
atmospheres P set up in the membrane of a conical root by 
a transverse force F. Points M are those of maximum and 
minimum pressures. 


is imbedded in the bone of the socket wall and the 
other in the root. These fibers have a more or less 
definite arrangement and direction in different 
parts of the membrane. This fact has led most 
investigators to assume that they resist the 
forces which tend to displace the tooth during 
function. There are several conditions which cast 
doubt on this assumption. First, as seen in 
microscopic section, these fibers usually are not 
straight and none runs parallel to the long axis of 
the tooth except at the apex. Second, a tooth 
with a healthy membrane suffers an extremely 
small displacement even under considerable load. 
Third, a tooth with a slightly inflamed and 
congested membrane suffers considerable dis- 
placement under a comparatively light load. 

Several years ago a new theory of tooth sup- 
port was presented before the Royal Society of 
London? by Synge, a mathematician, at the 
instigation of Box, a dental investigator, as a 
result of the latter’s investigations of the cause of 
disease of the dental periosteum. Starting with a 
few clinically and histologically established facts 
he assumed that the dental periosteum acted as 
a thin elastic membrane incompressible because 
of its vascularity. The modulus of compression, 
being infinite, the strain in the membrane can be 
infinitesimal even though the modulus of rigidity 
is finite. The fact that the membrane is probably 
anisotropic was not considered and the general 
problem gave results mathematically the same as 
those first given by Reynolds in connection with 
the theory of lubrication (Fig. 5). 

2 John L. Synge, “The tightness of the teeth, considered 
as a problem concerning the equilibrium of a thin incom- 


pressible elastic membrane,’’ Trans. Roy. Soc. A231, 435- 
477. 
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This theory not only explains the almost 
infinitesimal displacement of the tooth under 
finite load, but also the great increase in this 
displacement with increase in thickness of the 
membrane since the displacement varies as the 
cube of the thickness. In addition, the location of 
the center of rotation of the tooth under trans- 
verse load, a matter of great importance to 
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Fic. 6. Diagram showing cusp relationships and forces 
in (A) center or resting position and (B) lateral or working 
position. 


dentistry, was found to be in fair agreement with 
the findings of Schwarz* in experiments on dogs. 

The effect on the supporting structure of the 
transverse loading of the coronal end of a tooth 
is obviously the same as that produced in the 
case of teeth supporting tooth and soft tissue 
borne appliances. However, it is more universal 
because it may occur in complete natural 
dentures even where no type of restorative work 
has been done. 

It was mentioned previously that the inclined 
surfaces of the cusps and ridges are largely 
responsible for guiding mandibular movement. It 
should be noted that these inclined surfaces are 
not actually planes but curved surfaces. How- 
ever, as we are dealing with equilibrium states at 
various points of contact we may treat them as 
planes with a slope equal to the slope of a tangent 
at the point of contact. 

When the jaws are merely clamped shut, 
which is the center position at the end of a 
masticating stroke previously referred to, in the 


2A. M. Schwarz, Kopfhaltung und Kiefer, Zachr. F. 
Stom. 1926, H. 8. 
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normal arrangement of these inclines (Fig. 6A), 
an approximation to balance is maintained be- 
tween opposing transverse forces, but when, for 
any reason, there is a disturbance of this arrange- 
ment, this balance is destroyed. In the working 
relationships, i.e., when the lower jaw is lateral to 
the above position so that opposing cusps meet 
almost end to end (Fig. 6B), the transverse 
forces do not, in the normal case, overload the 
supporting structures; but if the inclines are too 
steep, or, especially, if this steepness is confined 
to one or two teeth, the load is increased beyond 
the ability of these structures to bear it. 

Fortunately, nature comes to our assistance by 
reducing the angle of inclination with age, which 
compensates for the resorption of the supporting 
bone. Friction also plays a role in reducing the 
effective angle. The coefficient of friction between 
tooth surfaces, to the best of my knowledge, was 
never measured until it was done recently by two 
groups of our students. 

The inclined plane also plays an important 
part in a consideration of the mechanics of one 
particular type of restoration, or so-called 
“filling.” In this type, the decay involves the 
surface of a posterior tooth where it is in contact 
with a neighboring tooth. Whether or not the 
biting or occlusal surface is involved it must be 
penetrated to gain access to the decay. The 
wedging action of opposing cusps (Fig. 7) between 
inclines on the restored and original portions of 
the occlusal surface tends to displace the 
restoration. 





Fic. 7. Diagram showing wedging action of opposing 
cusp between fillng without dovetail and tooth. D, outline 
of original decay; R, restoration without lock; L, lock. 
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The retention of this type of restoration (Fig. 
8) offers interesting mechanical problems. The 
writer has made calculations which seem to 
indicate‘ that with the type of retention originally 
used, parts of the tooth structure might con- 
ceivably be subjected to compression forces of 
over 30,000 pounds per square inch. Due to the 
many failures, retention is now obtained by a 
dove-tailed lock on the biting surface of the 
tooth thus reducing these compressive stresses to 
zero. 

This same type of restoration also offers an 
interesting problem in retention based on the 
relative rigidities of the tooth structure and the 
restorative material.® 

Space permits a discussion of only a few of the 
major problems of dentistry calling for the 
application of mechanical principles. There are 
many others, such as the substitution of me- 
chanical for anatomical tooth forms on artificial 
dentures,®’ and _ the 
bridgework.? 

Turning to the esthetic side of dentistry, the 
problem of matching color with porcelains and 
cements is seldom easy and is often almost 
impossible. In the past it has been treated entirely 
empirically, but in recent years an increasing 


mechanics involved in 


number of practitioners has been applying a 
knowledge of the principles governing color pro- 
duction and the effect of the quality of the 
incident light.® 

A restoration placed beside natural teeth may 
be seen in cold blue north light or the warm 
yellow light of a candle. This is a range of color 
temperature from about 25,000°K to 1900°K. 
Since, with the materials now available, teeth can 
be matched accurately at only one color temper- 
ature, judgment and an understanding of the 
principles involved are required for a satisfactory 
result. 


4Arthur B. Gabel, ‘‘Mechanical principles involved in 
the class II restoration,’’ Dental Cosmos 78, 1021 (1936). 

5 Arthur B. Gabel, ‘“‘Operative procedure, etc.,”” A merican 
Text-book of Operative Dentistry (M. L. Ward, Editor) 
(Lea and Febiger, Philadelphia, 1940), seventh edition, 
Chapter VIII, p. 238. 

6 Clyde H. Schuyler, ‘‘Selection and modification of pos- 
terior tooth forms, etc.,’’ Oral Health 24, 47 (1934). 

7Stanley D. Tylman, Theory and Practice of Crown and 
Bridge Prosthesis (The C. V. Mosby Company, 1940). 

§E. Bruce Clark, “The color problem in dentistry,” 
Dent. Digest, 37 (1931). 
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The so-called daylight lamp of the filter, type 
has found some use in the laboratory. However, 
the high wattage required to offset the loss of 
luminosity due to filter absorption has resulted in 
too much heat for use on the patient. The advent 
of the new fluorescent tube and the efforts of the 
manufacturer of dental equipment to produce a 
lamp to give a predetermined color temperature 
will, no doubt, solve that problem in the near 
future. 











Fic. 8. Side view of tooth in preceding figure showing cav- 
ity preparation without and with lock. 


The application of polarized light, by means of 
the photoelastic effect, to a study of the strains 
produced in various types of dental restorations 
holds out promise of fruitful results.> However, 
polarized light is not new to dentistry but was 
used years ago in studies of normal enamel with 
the polarizing microscope. Changes in_bire- 
fringence under various conditions were noted 
and theories proposed. By these studies the uni- 
axial form of the enamel crystal was determined.?® 

Later the x-ray was used to make densitometric 
studies!® of normal and pathologically altered 
enamel and dentin in different parts of the tooth. 
Recently x-ray diffraction methods have been 


9W. J. Schmidt, Handbuch der biologischen Arbeits- 
methoden (Abderhalden, 1934), Section 5, Part 10, p. 435. 

10G. Van Huysen, Harold C. Hodge and Stafford L. 
Warren, ‘“‘A quantitative roentgen-densitometric study of 
changes in teeth due to attrition,” J. Dent. Research 16, 
243 (1937). 
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used in the study" of enamel which has been 
found to be isomorphous with apatite. The x-ray 
has, so far, not been of any therapeutic value in 
dentistry. 

Ultraviolet light has been used therapeutically 
but with uncertain results. The therapeutist 
generally has not known that ultraviolet light 
extends over a range of nearly 4000 angstrom 
units and the effect of energy and wave-length on 
the micro-organisms and on the tissues of the 
host has not been well understood. 

Ultraviolet light is finding some use in photo- 
micrography where extreme resolving power is 
necessary. However, the new electron microscope 
will probably supersede all optical instruments 
for these cases. 

Going beyond the other end of the visible 
spectrum, dentistry, unlike medicine, finds no 
real use at present for the infra-red radiations. 
However, the part played by that closely related 
form of energy, heat, should be mentioned. The 
use of metal for restoring tooth structure has 
centered considerable attention on thermal con- 
ductivity and expansion. Shrinkage of cast inlays 
from the fusing temperature to that of the mouth 
was for years a difficult problem. It was overcome 
by developing materials for the mold which gave 
an expansion curve which flattened out con- 
siderably near the proper percentage expansion. 
In the past, the temperature of the mold was 
judged approximately by the color, but recently 
the thermocouple type of pyrometer has been 
coming into use. The differential thermal coeffi- 
cient of expansion of some dental materials and 
tooth structure is quite large and an under- 
standing of this fact is often of clinical im- 
portance. 

The theoretical knowledge of heat which finds 
use in dentistry is very limited. At present there 
appears to be no need for the clinician or the 
investigator to understand reversible cycles or 
entropy. However, a fuller appreciation of the 
meaning of the first law of thermodynamics 


"J. Thewlis, “The structure of tooth enamel,” Brit. J. 
Radiol. [New Series No. 101], 9, (May, 1936). 
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might gain the former the eternal blessing of some 
hypersensitive patient. 

No discussion of the role of physics in dentistry 
would be complete without reference to the part 
played by electricity. It is used for the direct 
production of heat in accordance with Joule’s law 
and makes possible bloodless surgery by means of 
the electrocautery. Or, it may accomplish the 
same end through surgical endothermy by gener- 
ating high frequency currents in an oscillating 
circuit. Again, it may be used to carry the active 
ion of a drug into the deeper tissues. The intelli- 
gent use of these tools is a boon to mankind but 
ignorance of the laws governing their operation 
may result in at least unpleasant incidents as, for 
example, the shock a patient may receive due to 
self-induction if the operator removes the 
electrode of a cataphoresis machine before 
opening the switch. It cannot be expected that 
the dentist be well versed in electrical theory, but 
he should, so to speak, understand Lenz’s law and 
Faraday’s rule and what their implications are. 

Dentistry does not part from physics at this 
point but with it takes the last step into the sub- 
atomic world. It is already using one of physics’ 
most recent contributions to science, artificial 
radioactivity. Studies of phosphorus metabolism” 
of the teeth of laboratory animals and man have 
been made with sodium phosphate containing 
radioactive phosphorus. 

Dentistry has made much use of physics, 
accepting what it could turn to its own benefit. 
Some of these gifts it has applied directly to the 
prosecution of its art; some it has used as keys to 
new stores of knowledge. In closing, one more 
debt to physics must be acknowledged. No field 
of human endeavor contributes more to straight 
thinking and mental discipline or does more to 
develop the scientific attitude. And these, re- 
gardless of the material to which they are ap- 
plied, are necessary for the full development of 
the individual and the advancement of the field 
in which he works. 

2 A. Krogh, J. G. Holst, and G. Henesy, “Investigation 
of the exchange of phosphorus in teeth using radioactive 


phosphorus as indicator,’ Det. Kgl. Danske Vid. Selskab., 
Biol.-Med. 13, 13 (1937). 
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Frictional Phenomena. IIl 


By ANDREW GEMANT 
The Detroit Edison Company, Detroit, Michigan 


Chapter III. Absorption of Sound Waves 
and of Supersonics 
Abstract 
HE extent to which viscous processes can 
account for the absorption of freely 
traveling acoustical waves in gases is shown. 
Considerable divergence between theory and 
experimental data is found for polyatomic gases, 
and an explanation of this divergence on the 
basis of intramolecular vibrations is presented. 


12. Theory of Absorption Due to Viscosity 

Applications of viscous processes in gases lie 
to a large extent in the field of acoustics, with 
which, accordingly, we shall be concerned in the 
following two chapters. 

Some experimental devices considered in the 
previous chapters made it clear that the viscous 
forces constitute a sort of resistance in channels 
and tubes. This resistance can be defined by 
Eq. (13) which is completely analogous to Ohm’s 
law in electrical circuits. This resistance then has 
the value given by (11e) for parallel walls, or by 


R=8n/na'* (28) 


for a cylindrical tube of unit length, according to 
Eq. (27). The result, as already shown, is a dis- 
sipation of energy as heat. 

In case the gas does not flow in a stationary 
manner but performs an oscillatory motion, we 
have to deal with acoustical waves. It can be 
assumed that viscous forces again will play an 
important role, even if the manifestation is 
markedly different from that in stationary 
processes. They will have one feature in common, 
and this is the dissipation of energy in the form 
of heat. 

If acoustical oscillations are generated at a 
certain point in a gas, waves will propagate in 
certain directions, chiefly controlled by the shape 
of the generator and the existing solid boundaries. 
If the space is relatively large, spherical waves 
will be generated; if the gas is confined to the 
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interior of a rigid tube, or if the generator is a 
large plane membrane, the waves will propagate 
chiefly in one direction, and are called plane 
waves. Conditions are particularly simple in this 
latter case, and since they occur in a number of 
practical cases (at least to a high degree of 
approximation), they should be considered here 
in more detail. 

The intensity at the origin should be assumed 
as constant, which is the case if the amplitude of 
the generator is maintained at a given level. Let 
us assume that the wave is strictly a plane one, 
then no widening of the wave front takes place 
in moving further away from the source. In this 
case the intensity of the wave should remain 
constant with increasing distance from the 
source, were it not for the viscous forces in the 
gas causing a transfer of the kinetic energy into 
heat. The result will be what is called an attenu- 
ation of the wave, the latter occurring, according 
to experience, exponentially, as in the case of 
electrical waves. Denoting the exponential factor 
by which the amplitude has to be multiplied by 
e-**, where x=distance from the source, the 
attentuation factor a has been introduced. This 
factor is a function of the viscosity of the gas, 
and this relation will now be deduced. By making 
use of the general equations dealt with in Chapter 
I, this can be done easily. 

Equation (8) can be used directly in this case, 
since the direction of propagation was taken to 
be the x axis, and the nature of acoustical waves 
is known to be longitudinal, oscillation of the 
particles taking place in the direction of propa- 
gation, that is, in the x axis. 

There are no volume forces acting on the gas, 
so F,=0. The inertia component —pdu/dt has 
to be retained. The stress components X,. . 
are given by Eqs. (3). Here we note that the 
x gradient of the pressure p enters the equation. 
This term has a special significance. Apart from 
the inertia term, it is the only one that does not 
contain the viscosity as a factor. We have seen 
in the stationary cases that a finite pressure 
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difference was acting and that this represented 
the actual driving force. In acoustical’ waves 
there is no finite pressure difference. There are 
only infinitesimal pressure differences between 
neighboring volume elements owing to the fact 
that the longitudinal to and fro motion of the 
molecules causes periodical compressions and 
expansions. These local pressure differences are 
of the nature of elastic forces which, together 
with the inertia, maintain the wave motion. They 
correspond to the potential and kinetic energy of 
the system. To these two are then added the 
viscous or dissipative forces. 

The inertia term and the viscous term of Eq. 
(8) operate with the velocity u as the dependent 
variable; the pressure term, therefore, has to be 
reduced to the same variable. This happens by 
introducing a quantity called condensation s 
according to the definition 


p=po(l+s), (29) 


s being the relative change in density due to the 
oscillation of the molecules. In applying the gas 
law, the pressure must always be proportional 
to the density, thus we can write 


dp=a’* pods, (30) 


where a? is a positive constant to be determined 
from the gas laws. Equation (30) connects the 
pressure with the condensation, and the latter is 
related to the velocity by means of the so-called 
continuity equation: 


ds /dt = —du/dx, (31) 


expressing the evident fact that the density can 
change with time only, if there is a finite di- 
vergence of the velocity. If the velocity decreases 
with increasing x, more material will enter the 
volume element dx than will leave it, and the 
density must increase. 

Before replacing p by u, let us write down Eq. 
(8), valid for our special case. In using Eq. (3) 
for the stress components, and considering that 
only X, is different from 0, we obtain 


du dp 4 d°u 
po—+- —— —=(). (32) 

ot dx 3 Ax? 
In order to substitute « for p according to 
Eqs. (30) and (31), first (32) has to be differen- 
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tiated with respect to time, and we obtain in this 
way the partial differential equation: 


07u 0°u An O08u 
-— =0. (33) 
ot? Ox? 3p 0?x- dt 








The solution of this equation is given by the 
equation of a progressing sine or cosine wave, and 
in writing down the solution, and substituting it 
into (33), the damping factor a is directly ob- 
tained as a function of the viscosity, which was 
the purpose of this derivation. Thus, we write 
for the solution: 


u = Ae~** cos 2nv(t—x/c). (34) 


In this equation A is the amplitude of the oscil- 
lating velocity, a the damping factor, mentioned 
above, v the frequency of the oscillation, and c 
the propagation velocity of the wave (not to be 
confused with its meaning in Chapter II). In 
putting (34) into (33) it will be seen that (33) is 
identically correct if the two conditions hold: 


c=a (35) 
and 
a=8r'v?n/3pc*, (36) 


in dropping the index of p. The first of these 
allows the propagation velocity c to be computed 
from the gas laws, and the second is the answer 
to our special question concerned with the vis- 
cosity. As to the first point, it should be recalled 
that the compression and expansion of the gas 
occur so fast that there is no time for a thermal 
equilibrium to be established between neigh- 
boring volume elements: in other words, the 
process is an adiabatic one. Using the gas laws 
for this case, one obtains 


c=(kpo/p)}, (37) 


where po=atmospheric pressure and x=ratio of 
specific heats: c, for constant pressure, and c, 
for constant volume. With x«=1.40 for air at 
zero C, the equation yields the value 332 m/sec. 
for the velocity. It then follows from (36) that 
the attenuation factor is proportional to the 
ratio viscosity over density (called kinematic 
viscosity) and to the square of the frequency of 
the oscillation. Applied to sound waves this 
means that the absorption of freely traveling 
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waves increases with the second power of the 
pitch of the sound. 

In discussing the experimental check of Eq. 
(36), a further point has to be added. Because of 
the adiabatic nature of the local compressions, 
the temperature will rise above that of the sur- 
roundings and, since the process has a finite 
velocity, a little deviation from the purely 
adiabatic condition will take place, resulting in 
a beginning equalization of temperature. This 
again is an irreversible process, and leads to 
further dissipation of energy. The attenuation 
due to this mechanism was computed by Kirch- 
hoff, and the formula obtained is similar to Eq. 
(36). The sum of both, a’ is given by: 


a’ = (29*v?/ pc*)(4n/3+[«—1]k/c,), (36a) 


where c,=specific heat at constant pressure and 
k=heat conductivity of the gas. 


13. Experimental Data 


In turning to experimental data, a few words 
regarding the methods of measurement will be 
of interest. Abello' used a piezo-quartz crystal 
as a sound emitter which, as is known, is useful 
for supersonic frequencies, and a cylindrical 
tube, filled with the thus 
providing a path for the traveling waves. At the 
end of the tube a second piezo-quartz, coupled 
with an registered the 
intensity. The ratio of output to input at the 
ends of the 
Pielemeier? made use of the so-called ‘supersonic 


gas in question, 


electronic voltmeter, 


tube measures the absorption. 
interferometer’’ devised by Pierce. A quartz or 


generator, connected to an 
electrical oscillator is used, and standing waves 


magnetostrictive 
are produced by means of a reflecting wall 
parallel to the generator surface. The reaction of 
the reflected wave upon the generator is measured 
by changes of the anode current passing through 
the oscillator tube. After a suitable calibration 
the diminution of the intensity of the waves 
because of absorption can be found. Most inter- 
ferometers operate with a variable path between 
reflector and generator; a constant path inter- 
ferometer in which the gas pressure is varied is 
described by Herget.* Hubbard and Zartman‘ 
also describe the fixed path instrument, and give 
results on air and carbon, dioxide. 
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Grossmann? uses the basis of a longitudinally 
vibrating quartz rod as a “point’’ of source of 
the waves. The traveling waves are approximately 
spherical in such a case, and in measuring the 
intensity at distances r from the source, one can 
find the deviation from the 1/r? function. Thus 
the absorption in the particular gas is found. 

Knudsen® makes use of the reverberation time 
(see Chapter IV) of an enclosure, which is a 
function of the total absorption. The latter is 
caused partly by the walls, partly by the gaseous 
medium. By using enclosures of different sizes it 
is possible to differentiate between the two 
components, and thus determine the absorption 
coefficient of the gas. 

A recent and interesting method makes use of 
the fact that standing acoustical waves act as 
diffraction grating for light. Diffraction patterns 
of the light are thus obtained, the intensity of 
which is a measure of the sound intensity. A 
detailed discussion of this method, developed 
independently by Debye and Sears’ and by 
Lucas and Biquard,* cannot be given here; 
compare a recent paper by Petersen.° 

Let us now see the actual figures in certain 
instances, as compiled by Bergmann.'® The fol- 
lowing table gives the gas, the frequency range 
and coefficients as computed with Eq. (36a) and 
determined by the respective authors. The coef- 
ficient is given as a’/yv*, a usual sort of notation. 


TABLE II. Sound absorption coefficients of different gases. 
a’ /y2 IN 107" ABSOLUTI 
UNITS 
FREQUENCY | CALCULATED 
RANGE IN WITH Eo. EXPERI- 

Gas KILOCYCLES (36a) MENTAL AUTHOR 
Air 178 0.145 0.27 Grossmann 
Air 1160-1410 0.145 0.17-0.29 | Pielemeier 
Argon 612 0.20 0. Abello 
Carbon 

Dioxide o+ 0.160 23.7 Grossmann 
Carbon 

Dioxide 99 0.160 54.0 Grossmann 
Carbon 

Dioxide 178 0.160 24.0 Grossmann 
Oxygen 0.178 0.35—-0.19 | Pielemeier 


655-1220 | 


With the exception of the result obtained for 
argon, one sees that the measured coefficients are 
higher than the calculated values. Whereas there 
is an agreement as to the order of magnitude for 
air and oxygen, a considerable divergence exists 
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for carbon dioxide and, it should be added, for 
other, particularly polyatomic, molecules as well. 
It follows from this that in a number of cases 
absorption is caused by a mechanism entirely 
different from that hitherto considered. 

Now, if we wanted to proceed on a more re- 
stricted basis, this is what should be said: This 
monograph is concerned with viscous processes, 
using the conception that a viscous force in 
gases is due to a transfer of momentum from a 
faster moving layer to a slower moving one. We 
now see that the absorption of sound waves, 
particularly in the supersonic range, is only 
partly due to this mechanism; partly, and in 
some cases to a much larger extent, however, to 
some quite different cause. This second mecha- 
nism is outside of the scope of this discussion. 

We intend, however, to deviate from this 
narrow viewpoint for the following reason. It 
was shown that the most important feature of 
viscous the transformation of 
ordered kinetic and potential energy into heat. 
This is the feature that is directly accessible for 
measurements also. We refer to this transforma- 
tion, shortly, as loss. Viewed from this somewhat 
wider angle, it can be said that the losses along 
supersonic waves are only partly of a viscous 
nature; they are due in part to a different cause. 
But since both lead to the same kind of losses, 
the consideration of the second mechanism is 
well worth inclusion in our discussion. 


processes is 


14. Absorption Due to Molecular Vibrations 

Keeping the above in mind, a brief discussion 
of this particular mechanism is to follow. In order 
to give a possibly simple presentation, let us 
first consider a so-called ideal wave, one without 
any loss. Let us select a small volume of the gas 
in the path of the wave and consider the periodic 
pressure and volume changes in that volume 
element. According to the process described in 
Section 12, the element in question will be 
periodically compressed and expanded. High 
pressure coincides with small volume and vice 
versa. In Fig. 11 the lower sine curve is the 
pressure variation curve, the upper curve, 1, 
the volume variation, the abscissa being the 
time. 

The work done by the wave on the volume 
element is for a small change dv given by — pdv 
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and for a finite time — {pdv. It can be seen that 
during the period a—b-c the wave will perform a 
certain work, and during the period c—d-e the 
volume will return the same amount to the wave; 
thus the balance is zero. The wave does not lose 
any energy. Thus, there is no absorption present. 
Condition for this situation: volume and pressure 
have a phase difference of 180° or, in other 
words, pressure and density are in phase. 
Consider now a volume element that—for 
whatever reason—absorbs all the energy of the 
wave. The volume curve is then given by curve 
2, Fig. 11. Taking again a whole period, it is seen 


| 2 








p Pei. 


Fic. 11. Diagram of volume and pressure curves for 
traveling sound waves in non-absorbing and highly ab- 
sorbing gas. 


that during b-c-d work is done by the wave 
against high pressure; during d-e-f work is 
returned at low pressures, the balance being 
positive. The wave continuously works on the 
volume element, and the corresponding energy is 
lost as heat. Condition for maximum absorption: 
the pressure and the volume (or the density) are 
90° out of phase. Or, in other words, pressure 
gradient and deformation velocity are in phase. 

The nature of the actual force that is opposed 
by this pressure gradient is different according to 
the nature of the absorption process. If the latter 
is caused solely by the viscosity—think of an 
imaginary gas of extremely high viscosity—then 
it is the viscous force that must be overcome by 
the wave pressure. 

If, now, a large component of Type 1 is added 
to a small component of Type 2, corresponding 
to actual cases with a small fraction of absorp- 
tion, a curve will result which is situated like 1, 
but shifted to the right by a small angle, the 
so-called loss angle. Condition for small, but 
finite absorption: the density lags behind the 
pressure by a small angle. 

This consideration, based on the phase angle 
between pressure and volume, is very fruitful in 
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that it immediately explains the presence of 
losses whenever a phase shift between pressure 
and density can be found by any mechanism 
even one entirely different from viscosity. 

Such a mechanism for polyatomic gases has 
been found by Kneser,"" and, in showing that 
it leads to a phase shift between pressure and 
volume, he establishes also the occurrence of 
absorption. The process in question is based 
upon the vibrational energy of atoms within 
molecules. We know (Section 8) that the 
pressure in gases is determined by the velocity 
of the translational motion of molecules. Besides 
this translational (and rotational) motion the 
vibrational degrees of freedom have also to be 
considered. There is a continuous exchange of 
energy between the different degrees of freedom 
according to the equipartition principle. 

The exchange between rotational and vibra- 
tional energy is not momentary; it requires a 
small, but finite, time, depending upon the 
average life of normal and excited molecules 
(those without and those with vibrational energy 
quantums). The longer the average life, the 
longer time it takes for the exchange to be com- 
pleted. This time should be denoted by r. 

If a gas volume is compressed, the external 
work done is transformed into heat, thus raising 
temperature and pressure. The kinetic energy 
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Fic. 12. Diagram of volume and pressure of sound waves 
in gases exhibiting intramolecular vibrations. 


of the molecules in the first moment is purely 
translational. An exchange of part of the trans- 
lational energy into vibrational energy will start 
immediately, and will be finished after a time of 
the duration of a few times +r. The initial state 
will pass into an equilibrium after a time 7, for 
which reason 7 is called a relaxation time. 
During this process of relaxation the pressure 
will drop slightly, because part of the transla- 
tional energy responsible for the pressure is 
converted into vibrational energy. 
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The result of this relaxation is shown sche- 
matically in Fig. 12, indicating the volume and, 
below (dotted line), the pressure curve of a gas 
without losses. Now consider the intervals a—) 
and c-d, during which the sine curves are in first 
approximation constant. Because of the adjust- 
ment in pressure just explained, the full lines will 
indicate the real behavior of the gas pressure. It 
can be seen that, in completing these portions, a 


Fic. 13. Absorption 
and dispersion of sound 
waves in polyatomic 
gases as a function of 
frequency. 
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sine curve will result that is slightly phase- 
shifted against the volume curve. According to 
the statements made above, this is identical with 
an absorption of acoustical waves in the gas. 

A recent discussion of the phase difference as 
caused by molecular absorption is given by 
Namoto." 

A more detailed theory allows the computation 
of the absorption as a function of frequency. 
Figure 13, curve 1, shows the product ad 
(A= wave-length) as a function of the logarithm 
of the frequency. The product ad is equal to 
xtan yg, if ¢ is the phase shift angle between 
pressure and density. It can be seen that for low 
and high frequencies @ is zero. In these ranges 
absorption is controlled chiefly by the viscosity. 
At a given frequency of the order 1/7 absorption 
has a maximum. The reason for the special shape 
of the ad curve is roughly as follows. For periods 
much larger than 7, equilibrium between normal 
and excited molecules is established so fast and 
the interval a—b (Fig. 12) is so small that the 
phase shift becomes negligible. For periods much 
smaller than 7, on the other hand, excited mole- 
cules are not generated at all, the whole mecha- 
nism, so to speak, ceases to function, and 
naturally, again, no absorption occurs. Only in 
the range where the period of the wave is com- 
parable with 7 is the absorption finite. 
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Curve 2, Fig. 13, shows that the wave velocity 
v reaches a higher value with increasing frequency 
in the same frequency range 1/7 where absorp- 
tion occurs. This is called the sound dispersion, 
and has the same reason as the absorption. This 
is seen directly from Eq. (37) where x, as stated, 
is equal to c,/v». Since c,—c,=R (R=molar gas 
constant, not to be confused with R used for 
resistance as in Eq. (28)), we have 


v= [(po/p)(1 +R/[evrter »)) }, 


where the specific heat for constant volume is 
separated into the translational and vibrational 
terms, C,, and c,,. At low frequencies, both terms 
are operative; beyond the frequency range 1/7, 
as shown above, c,, ceases to function, thus 
raising the value of the velocity. 

The theory gives for the maximum absorption 
the equation 


(37a) 


T Re,» 
AQmax a ee ee (38) 
2 Co(R+ Cv) 


where the c, components are known from 
thermal data. The agreement between theory 
and experiment is shown in Table III according 
to Kneser and Knudsen.'* A comparison between 
specific heat data from supersonic dispersion and 
vibrational terms obtainable from spectroscopic 
measurements is given in a paper by Jatkar™ for 
CsH.e, CCla, and CS». 

It can be seen from the above discussion that 
the theory of Kneser is well able to explain the 
remarkably high absorption of sound waves in 
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Fic. 14. Influence of admixtures of NH; and H,O on 
the frequency of maximum absorption in oxygen, according 
to Kneser. 
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TABLE III. Maximum sound absorption coefficients from data 
of Kneser and Knudsen. 




















MEASURED AQmax X10* 
TEMPER- | FREQUENCY 
ATURE, RANGE IN 
GaAs Dec. C | Kc MEASURED | CALCULATED 
Air 20 3-10 2.17-2.11 2.18 
Air 55 | 3-10 4.10-3.59 3.94 
Oxygen 20 | 3-6 10.6-10.3 10.4 
Oxygen | 55 | 3-6 20.1-18.9 18.8 
L 











gases that could not be accounted for on the 
basis of purely viscous phenomena. 

Of particular practical importance is the role 
of humidity for the absorption coefficient of air. 
It has been known for some time that the absorp- 
tion in air in the acoustical frequency range is 
considerably reduced with increasing humidity. 
The reason was unknown; only some vague 
notions existed as to the water molecules 
“lubricating’”’ the gas molecules. Today this 
effect is better understood, even if not thoroughly 
explained. The main point is that the water 
molecules reduce the relaxation time of the air 
molecules and consequently shift the maximum 
toward higher frequencies. This can be seen 
from Fig. 14 indicating the influence of the 
percentage of HO (and NH;3) on the frequency 
of maximum absorption in oxygen. The absorp- 
tion curves for different relative humidities in 
air as a function of frequency are shown in Fig. 
15. The shift of the curves toward highér fre- 
quencies and the subsequent decrease of absorp- 
tion in the acoustical range (say, below 5000 
cycles) is clearly to be seen. In the supersonic 
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Fic. 15. Influence of relative humidity on the sound ab- 
sorption of air at 20°C, according to Kneser. 
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range, on the other hand, the absorption 
increases with increasing humidity. The par- 
ticular mechanism of the water molecules in 
reducing the average life of excited molecules 
need not be discussed here further. 
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Fic. 16. Influence of temperature on the sound absorp- 
tion of air, containing 50 percent humidity, according to 
Kneser. 


Recent work by Pielemeier and co-workers!® 
shows how absorption is changed with a given 
frequency and increasing humidity in carbon 
dioxide gas. It also explains most of the observed 
facts theoretically. Itterbeek'’ compares the 
effects of water and deuterium oxide in oxygen 
and carbon dioxide The ratio of the 
relaxation times in D.O and H.O is about 1.5. 

Figure 16 shows, also according to data of 


gases. 


Kneser, the absorption in air containing 50 
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different 
shortens 


humidity for 
temperature 


percent temperatures, 
Higher the relaxation 
time, as is to be expected, and seems also to 
increase the maximum value. This is due to an 
increase Of C,»/C.1, see Eq. (38), caused by the 
increasing possibilities of intramolecular vibra- 
tions with an increase of temperature. The figure 
also shows the portion of absorption due to 
purely viscous processes. 
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Frictional Phenomena. IV 


BY ANDREW GEMANT 
The Detroit Edison Company, Detroit, Michigan 


Chapter IV. Sound Absorbing Materials 
Abstract 


N this chapter a technical application of 

gaseous viscosity in the field of room acoustics 
is given. After a brief introduction into room 
acoustics, the absorbing property of sound- 
absorbing materials is explained on the basis of 
viscous processes in the pores of the material. 
Experimental data are in fair agreement with this 
explanation. It is even possible to derive the 
characteristics required for the most efficient 
absorbent, important from the standpoint of 
their manufacture. 


15. Principles of Room Acoustics 

Whereas in the preceding chapter a particular 
application of viscosity in gases to a field of 
essentially physical and physico-chemical in- 
terest was given, here we deal with a more 
practical application, namely, sound-absorbing 
materials. In order to make the matter under- 
standable for those not too familiar with acous- 
tics, a brief introduction into these aspects of 
sound absorption will follow. 

In Section 12 a sound wave was described by 
means of the gas velocity uw. It is just as common 
to work with the sound pressure p (see Eq. (30)) ; 
indeed, p is more frequently used than u where 
direct measurements are concerned, since most 
instruments respond to the pressure. In talking 
of p, the constant atmospheric pressure is 
generally disregarded, and p contains only the 
small alternating pressure superimposed upon the 
atmospheric pressure. In any medium there is a 
direct proportionality between p and u (taking 
their amplitudes, for instance), and we write 


p=Zu, (39) 


where Z is called the radiation resistance. Gener- 
ally, p and u are not in phase, and if we denote 
them—as is usually done—as complex quantities, 
then Z also will be complex. But in a plain wave 
p and u are in phase, as can be seen from curve 1 
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of Fig. 11, the volume being in phase quadrature 
with the displacement, and, therefore, in phase 
with the velocity. Thus, for plain waves, Z is a 
real quantity, and denoted by Zo, the so-called 
characteristic resistance of the medium. As the 
theory shows, 


Zo = pc (40) 


(p=density, c=wave propagation velocity). Zo, 
generally expressed in absolute c.g.s. units, so- 
called acoustic ohms, has a value for air of 41.5. 

The pressure p is a measure of the amplitude of 
the sound, and p* is a measure of the intensity. 
The intensity level is measured in decibels. Each 
time the intensity is raised in a ratio 1 : 10, the 
decibel is increased by adding 10. Raising the 
pressure p in a ratio 1 : 10 increases the intensity 
1 : 100, and the number of decibels by 20. From 
this we have the formula for the level Z in 
decibels 


L=Lot+20 logio p. (41) 


The constant Lo is fixed arbitrarily so that L 
should become zero at the threshold of audibility, 
i.e., at 2X10-4 dyne per sq. cm. With this con- 
dition, Eq. (41) becomes 


L=74+20 logio p (42) 


as can easily be verified. Loudness of any noise is 
measured by the decibel level of a tone of fre- 
quency 1000, giving the same loudness as the 
noise in question. As an illustration, the noise 
level in a typist’s office is about 75, that in a 
quiet office 42, and that of a country residence 26.! 

Noise abatement is one of the most acute 
problems today. There are three chief ways: of 
reducing noise level. In order to fix our ideas, let 
us suppose there is a noisy machine in the work- 
shop of a factory. Its noise reaches an office and 
must, therefore, be reduced. 

First, it is possible to introduce certain alter- 
ations in the machine that will reduce the noise 
generated. This is the most logical method, but it 
is not always feasible. 

Second, it is possible to insulate the office 
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effectively from the machine room. Partition 
walls transmit the sound from one room to the 
other; thus, a wall with a higher insulation is 
required. This method is useful, too, but has its 
limitations. It was found that the insulation of a 
wall increases essentially with its mass. Heavy 
walls are the best insulators. Evidently there is a 
limit to making full use of this property, and it is 
fortunate that there is a third method at our 
disposal to reduce noise. 

This third method is the annihilation of the 
sound energy by transforming it into heat by 
means of absorption. In the previous chapter it 
was shown how viscosity (and intramolecular 
vibrations) causes the acoustical energy to be 
transformed into heat. The process was con- 
sidered for freely traveling waves whose ab- 
sorption coefficients, as can be seen from Table 
II, are very small, although these figures increase 
considerably in regions where molecular ab- 
sorption takes place. 

The absorption process, due to viscosity, may 
be enhanced to a great extent, if the wave does 
not travel freely, but is forced to proceed in 
narrow channels. Qualitatively, the reason for 
this is easy to understand. In narrow channels the 
gas adheres to the solid walls (Section 10), and 
consequently large transverse velocity gradients 
are set up with strong viscous forces and con- 
siderable dissipation. This idea will be developed 
later on a somewhat more quantitative basis. 

Materials that accommodate a large number of 
narrow channels are called sound-absorbing ma- 
terials, and it is their performance with which 
this chapter is concerned. Before discussing the 
physical processes underlying their functioning, 
the beneficial effects of such materials on the 
loudness of a sound will be shown in a more 
general way. 

Referring to our previous example, let us 
assume that, after making certain improvements 
in the noisy machine and after installing a 
number of insulating walls, a given sound energy 
corresponding to a source of output P (energy per 
second) penetrates into the office in question. 

When the machine is switched on and the 
source of output P starts to operate, it will build 
up a certain sound intensity in the room. The 
question is, how high will be the final sound 
pressure p, and thus (Eq. (42)), the loudness? 
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Equilibrium evidently will be reached when the 
energy entering the room (P) is equal to that 
destroyed by absorption. Let us define the total 
absorption coefficient of the room by A;. The 
total energy present is proportional to p*, that 
absorbed per second to A,p*?. Thus P~A,;p*. 


Carrying out the calculation, we obtain 


p=41X10*(P/A,)' dynes/cm?. (43) 


Thus, the equation shows immediately that the 
larger the total absorption, the lower the in- 
tensity level and the loudness in decibels. In 
order to increase A;, sound-absorbing materials 
will be used as lining for the walls and ceiling of 
the office. 

The predominant role of the absorption A, of a 
room is evident from its effect not only upon the 
pressure, but also upon the so-called reverbera- 
tion time ¢, which characterizes the acoustical 
quality of a room. It was mentioned in the 
previous paragraph that in switching on the 
machine in question, the pressure p will be built 
up. This has to be taken nearly literally ; in fact, 
it takes a certain time until the process is 
practically finished according to an exponential 
time function. The theory shows that high 
absorption shortens the time of adjustment and 
vice versa; in the form of an equation: 


t, = V/600A, sec., (44) 


where V = volume of room in cc. If we think of V 
as the volume of a basin, P as the output of a 
water tap, A; as the outlet at the bottom of the 
basin, and ¢, as the time until the equilibrium 
height (p) of the water in the basin is reached, 
Eqs. (43) and (44) become immediately under- 
standable. A_ sufficiently small reverberation 
time, of the order of 1 second, is necessary for the 
understandability of speech, and that shows the 
importance of a sufficiently large absorption. 

While the absorption of rooms defines the 
reverberation time, and thus the acoustical 
quality of rooms, the reverberation time can be 
used to measure the absorption. There is appa- 
ratus available for automatic recordings of t,, and 
such measurements are carried out for all the 
important concert halls and opera houses in the 
world. It was found that ¢, is usually about 2 
seconds for lower frequencies and 1 second for 
higher frequencies.’ 
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Such rooms are, however, of rather complex 
structure, and not easy to analyze. In order to 
obtain simple conditions, A; can be separated 
into several terms in the following way: 


A:=aifitdeofet+::-. (45) 


Here fi, fo--- are the surfaces (walls, ceiling, 
etc.) referring to different materials, each of 
which has a characteristic absorption coefficient 
d,, @--:. The absorption coefficient is here 
defined as the ratio of intensities of the absorbed 
and incident waves. This equation is utilized if a 
for an unknown absorbing material has to be 
determined. A special room with reflecting walls 
and having a large reverberation time is used for 
the purpose. In order to measure a for a given 
material, a given area of the floor is covered by it, 
t, is recorded, and a is computed from Eqs. (44) 
and (45). 


16. Theory of Sound-Absorbing Materials 

Having thus explained the significance of 
sound-absorbing materials, the relation between 
the absorption coefficient and the viscosity con- 
stant of the medium (usually air) will now be 
discussed. For this purpose we must know the 
relation between a and Z, the radiation resistance 
of the material. The theory shows that a wave 
traveling in air is partly reflected if incident upon 
a wall of resistance Z, the ratio of the intensities 
of the reflected and incident waves being 
(Z—Zo)/(Z+Zo). The reflection coefficient, which 
refers to energies instead of intensities, is the 
square of the above expression, and the absorp- 
tion coefficient is evidently : 


|\Z-Zo|? 
|\Z+Zo| 


a=1- 


(46) 


Here we have used straight brackets, since the 
fraction is a complex quantity, and, before 
squaring, its absolute value (the geometric sum 
of the real and imaginary components) has to be 
taken. The problem is now reduced to the 
necessity of finding the relation between Z and 
the viscosity 7 of the air present in the channels 
of the absorbent. 

In finding this relation, a further notation has 
to be introduced, namely Z,, this being the 
radiation resistance of the material of (practically) 
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infinite thickness. This quantity Z,, can easily be 
deduced as a function of constants characteristic 
of the material. If Z,, is known, then Z,, the 
resistance of a material of thickness d, is shown, 
theoretically, to be: 


Za=Z.~ cotanh (ikd), (47) 


the meaning of k being explained later. 

A rigorous deduction of the function Z(n), 
valid for all frequencies, is mathematically rather 
involved,* so it should not be presented in this 
monograph. Instead, a simplified solution will be 
given that might be called the ‘low frequency 
solution.”’ The theory shows that it is valid as 
long as 


rw <n/p, (48) 


with w=2z», that is, either for low frequencies, 
or narrow channels. A satisfactory experimental 
verification of condition (48) is not available, but 
it appears that the “low frequency” solution 
agrees with experimental facts fairly well in the 
whole acoustical range and with the usual ab- 
sorbing materials, even in cases where (48) has 
ceased to hold. For this reason only the simplified 
theory will be presented. 

Qualitatively, the essential feature of the “low 
frequency” solution is that Poiseuille’s Eq. 
(27), as deduced for the stationary flow in cylin- 
drical tubes, holds. This implies first that the 
channels in an absorbent (Section 15) are 
idealized as having a cylindrical cross section; 
this, however, is not a serious restriction. The 
chief restriction lies in the assumption that 
Poiseuille’s law, which was deduced for a station- 
ary flow, will also hold for an alternating process. 
The assumption evidently will be valid if the 
wave-length of the wave is greater than the radial 
dimension of the tube (the usual condition for 
quasi-stationary processes); in other words, it 
will be valid for low frequencies and narrow 
channels, as stated above. 

Exactly the same relations will be encountered 
in dealing with the oscillation-viscosimeter in the 
second part (‘‘Liquids’’) of this monograph. 

According to Eq. (27), the resistance coefficient 
R as introduced by Eq. (13) should now be 
calculated. However, R should now be defined as 


R=p/u, (13a) 
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taking the average velocity u, instead of V, the 


total flow (u times cross section). With the 
condition ¢=0, (27) gives: 
R=8n/r’ (49) 


as the resistance or friction coefficient for the low 
frequency solution (ry =radius of tubes). 

This step having been taken, the introduced 
simplification can be easily visualized. A rigorous 
deduction ought to operate with the velocity at 
any given point, using the differential Eq. (8) 
for this case and integrating with respect to 
the radius. Here, on the other hand, the integra- 
tion, as carried out for the stationary flow in (27) 
is taken as valid, and the differential equation will 
be written down afterwards for the average 
velocity. The equation has the form of (32) in 
which the first term is the inertia, the second the 
pressure gradient, and the third the viscous 
force. The latter takes, in our case, the form 


— Ru. Thus 


pdu/dt+dp/dx—Ru=0. (50) 


It should be pointed out that p in Eq. (50) is, 
strictly speaking, not the density of the air, but 
the total vibrating mass in 1 cc. Since sound 
absorbents often contain a large number of light 
fibers, p is often larger than for air. To this 
equation another, to be derived from (30), (31), 
and (37) can be added: 


Op/dt = — kpodu/dx. (51) 


In Section 12, the solution was given in the form 
of a cosine function; here it should be given as a 
complex solution, which is sometimes more con- 
venient. Thus 


“= Ume ikz+iwt 


p = Pme -ikz+iwt 


(52) 
(52a) 


and 


with u, and p, as maximum values, and k the 
so-called phase or transmission constant of the 
absorbing medium. It is a complex number ac- 
cording to 
k=B—t1a, (53) 
so that (52) becomes 
U = Une azei(wt—Bz) | 


(52b) 


It can be seen from this that a is the attenuation 
factor, and 8=w/c, where c= propagation velocity 
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(that of the air should be denoted by co). In 
substituting (52) into (50) and (51), one can see 
that the solution is correct if the components of k 
are given the following values :4 

8 =w(p/2«po)*| [1+ (R?/w?p?) +143 (54) 
and 

a=w(p/2xpo)'|L1+(R?/w?p’) }—1}'. (54a) 
Before discussing this result, the required func- 
tion Z,(n) should be written down. Substituting 
(52) and (52a) into (51), the relation 


wPm = KPoRtUm 


is obtained. This means that only one of the 
amplitudes is arbitrary, the other being immedi- 
ately determined by the above relation. Using the 
definition (39), we obtain for the radiation 
resistance xpok/w. This value refers to the pres- 


_ sure and velocity in the channels. Due to the 


limited porosity of the absorbent the expression 
must be changed in a way explained by Fig. 17. 

Here a cross section unity is shown; on the 
left, air, and on the right, an absorbent. In our 
simplified picture, cylindrical channels are as- 
sumed, the ratio of the volume of which to the 
total volume is called porosity, P. In the figure a 
porosity of 4 is shown diagrammatically. The 
arrow within a channel is the velocity u of Eq. 
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Fic. 17. Schematic 
gram of boundary 
sorbing material. 





(52). The quantity Z, however, always refers to 
a unit area. Thus we have first to transform u 
into the value that it would assume within the 
unit area just left of the boundary. Because of 
the continuity of flow, the velocities are in an 
inverse ratio to the effective areas; thus, the 
velocity left of the boundary is u/3, or, generally, 


JOURNAL OF APPLIED PHYSICS 








\v 


iw 


we 








Pu. Taking this into account, we have 
Z2= kpok/Pw. (55) 


Equation (55) together with Eqs. (54) and (49) is 
the answer to our problem, and allows the 
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Fic. 18. Apparatus of Gemant to measure resistance R 
of absorbents by means of comparison with glass capillary. 


computation of the absorption coefficient a of a 
material, if its characteristic data, namely P, r, 
and 7, are known. 


17. Measurement of Flow Resistance of Ab- 
sorbents 

In order to review the experimental results on 
sound-absorbing materials, let us begin with a 
discussion of the characteristic data of absorbents. 

(a) Little is known definitely about p, the 
mass of oscillating material in the unit volume. It 
appears that in materials built of stiff fibers p is 
very nearly equal to the density of air; in others 
containing loosely held light fibers which oscillate 
easily with the air, p is several times the density 
of air. 

(b) The porosity P is generally high, around 
0.7 or higher. It is desirable that it be high, since 
absorption of energy takes place chiefly within 
the air channels, as already mentioned. It can be 
determined by dipping the material into ethyl 
alcohol (water would cause swelling in certain 
cases) and finding the increase in volume per 
gram of material. 

(c) The most important feature of the material 
is the resistance value R, Eq. (49). Expressing it 
in terms of 7 and r only was, of course, rather 
specific. More generally, relation (27) would yield 


1/R=(r?/8n)(1+4¢/r). (49a) 


The usual method for increasing R is a reduction 
of r, that is, a reduction of the fiber diameter (for 
a given packing), although an increase of the slip 
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coefficient ¢ also might bring about a change in 
the value of R. 

In any case, since even Eq. (49a) is only 
approximate, it is essential to have methods of 
determining R experimentally, and in this con- 
nection two methods, developed by the author, 
should be mentioned.’ Both determine R by 
means of a stationary air stream, in keeping with 
the ‘‘low frequency”’ assumption, discussed in the 
previous section. 

One method compares the flow resistance with 
that of a glass capillary. If both units are con- 
nected in series, and the same air current passes 
through them, then the partial pressure differ- 
ences are proportional to the resistances. The 
apparatus is shown in Fig. 18. Here a is the 
specimen, paraffinized at the edges, and 6 the 
glass capillary. From c, air is sucked into the 
apparatus. d and e are two water manometers 
showing the partial pressures; f stands for two 
heavy brass plates, g for rubber washers and h for 
bolts to keep the specimen airtight; 7 is an air 
container and k an outlet, both to buffer the 
fluctuations of the pump (usually a_ water 
pump). 

The computation of R by means of this device 
is simple; R is given by: 


R= (8lnPS/ar.'d) -(p/pe), (56) 


where /=length, and 7,=radius of the capillary ; 
S=surface; d=thickness of specimen, p and 
p.=partial pressures across specimen and capil- 
lary; n, the viscosity of air, is 0.18 X 10-* poise at 
room temperature. 

Measurements are carried out at different 
pressures, and it is found that p./p increases with 
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Fic. 19. Pressure data on Insulite (according to Gemant). 
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increasing pressure, because of turbulence in the 
glass capillary. The extrapolated value of p,./p 
for p.=0 is the correct one. Figure 19 shows the 
results on the material called “‘Insulite,” the 
abscissae being p. in mm of water. Using Eq. 
(56) and with /=10 cm, r-=6X10-? cm, P=0.80, 
S=140 sq. cm, and d=1.3 cm, R=14X10* abs. 
units were obtained. A type of Celotex, another 
sound-absorbing material with porosity P=0.70, 
yielded R= 18 X10*. These materials are made of 
fairly thin fibers, but there are others, made of 
rather thick fibers, that have resistance values of 
the order of 10 abs. 

The second method is a more direct one in that 
the velocity of the gas is measured by visual 
observation. This is achieved by adding carbon 
dioxide to the air, the presence of which can be 
detected by an indicator, like dibromo-thymol- 
sulfophthalein. This changes its color from blue 
to yellow if the pH drops below 6.8. 

The apparatus used is shown in Fig. 20; a isa 
container for air under partial vacuum with 
manometer 6 and connection ¢ to the pump. The 
vessel d contains a mixture of hydrochloric acid 
and sodium hydrocarbonate to develop COz; é is 
an air inlet. Several layers of the specimen, 
paraffinized at the edges and attached to funnels 
f, are in the path of the air stream. In the funnels 
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Fic. 20. Apparatus of Gemant to measure resistance R of 
absorbents by means of direct velocity readings. 


there are little pieces of black board g with 
minute pieces of filter paper impregnated with 
the indicator solution ; h is a valve, the opening of 
which starts the air current flow. The color 
change, left and right from the sample, indicates 
a certain time difference which is a direct measure 
of the velocity of the CO. molecules. By applying 
a correction due to the different molecular weights 
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of air and CO, molecules, the velocity u of the 
air is obtained, and 


R= p/du (57) 


(p=pressure difference, d=thickness of speci- 
men). 

Figure 21 shows the results for Insulite, the 
abscissae being pressure in mm of alcohol and the 
ordinates velocities of CO molecules in cm/sec. 
































Fic. 21. Velocity data on Insulite (according to Gemant). 


The line connecting the points should be a 
straight line through the origin. R, according to 
this method was 16X10, in fair agreement with 
the comparison method. 

For materials of very low resistance the direct 
method is not suitable. Such a material of strong 
fibers and larger interstices called ‘Acoustic 
Plate” (P=0.70) gave, with the first method, 
R=8.0. Using for p the density of air (1.2107), 
the resistance components Z,; and Z2 according to 
Z=Z\+iZ, were computed from Eq. (54), and 
are shown in the two curves of Fig. 22. The 
circles indicate actually measured values‘ by 
means of an electroacoustical method not to be 
discussed here. The agreement with regard to Z, 
(the term responsible for transmission) is very 
good ; with regard to Z2 (the term responsible for 
absorption), only fair. The ordinates are absolute 
units, called acoustic ohms. 


18. Experimental Facts on Sound Absorb- 
ents 

In discussing the behavior of sound-absorbing 

materials it is useful to consider first fairly thick 

layers for which Z,, gives the value of the radia- 

tion resistance, and afterwards thinner layers 
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Fic. 22. Comparison of computed and measured values 
of radiation resistance for ‘‘Acoustic Plate’’ (according to 
Gemant). 


(less than 1 inch) for which Eq. (47) has to be 
used. 

(a) Thick layer of absorbent. It is interesting 
to follow the trend of absorption with varying 
frequency (by means of Eqs. (54) and (55)). For 
very low frequencies 


a=B=(Rw/2kpo)', (58) 
which gives for the propagation velocity 
c=Co(r/2)(pw/n)? 


(co= propagation velocity in air), indicating that 
the velocity is smaller than for air. The attenua- 
tion factor is proportional to the square root of 
the viscosity constant. 

For high frequencies, on the other hand, a, and 
thus Z. tends toward zero, and Z, becomes 


Z1=(kpop)? 'P. (59) 


As to the absorption coefficient a, which is of 
primary interest in this connection, the com- 
ponents of Z being very large for low frequencies 
(Eq. (55)), a becomes zero (Eq. (46)). Because of 
the high radiation resistance offered by the 
material, practically the whole wave is reflected ; 
thus no absorption occurs. For high frequencies, 
although a@ is small, the radiation resistance is 
very nearly the same as for air; hence the largest 
part of the wave is, so to speak, lured into the 
channels, where (for large thicknesses) it will be 


VOLUME 12, OCTOBER, 1941 


destroyed: a is very near unity. These relations 
for Z;, Z2 and a for thick absorbents are shown 
diagrammatically in Fig. 23. An experimental 
curve according to Kiihl and Meyer‘ is shown in 
Fig. 24, obtained from a layer of cotton wool 24 
inches thick which follows the trend just deduced 
theoretically. This shows that the low frequency 
solution is quite useful in spite of its limitations. 
Figure 22, with its experimental and calculated 
values on the highly porous material (also 24 
inches thick), reveals the same trend of the 
resistance components as a function of frequency. 

(b) Thin layer of absorbent. Of more practical 
importance are layers (1 inch or less in thickness), 
for which Eq. (47) must be consulted in order to 
predict their absorbent properties. A brief presen- 
tation of an analysis of this case carried out by 
the author‘ will now be given, mainly because the 
analysis leads to a conclusion important from the 
standpoint of manufacturing sound-absorbing 
materials. 
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Fic. 23. Diagram of radiation resistance and absorption 
coefficient as function of frequency (thick specimens); 
ordinate-scale only for a. 
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Fic. 24. Radiation resistance and absorption coefficient 
for cotton wool 24 inches thick (according to Kiihl and 
Meyer). 
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A complete analysis of Eq. (47) is rather in- 
volved, and here, again, the extreme cases of high 
and low frequencies only will be considered. 

Equation (54) shows that a critical frequency 
w, can be defined, according to 





w= R/p, (60) 
so that the equations will be considerably 
7 
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Fic. 25. Computed absorption coefficient as function of 
resistance coefficient for ‘‘high frequency”’ range (according 
to Gemant). 


simplified if the frequency is either lower or 
higher than w,. 

If w>w, (high frequencies), we know from the 
foregoing subsection (a) that Z, assumes the 
value (59), whereas a@ is very small. Putting Z, 
into (47), the following can be seen. Both com- 
ponents of Z,, namely Z, and Z»2, are now 
periodical functions of the argument (8d). The 
reason for this is a resonance process: each time 
the thickness d is a multiple of a quarter-wave- 
length, standing waves will develop. In conse- 
quence of this, Z. goes through zero each time 
such resonance occurs, and Z, becomes real, 
passing through maxima and minima. The ab- 
sorption coefficient a is also a periodic function 
going through extreme values simultaneously 
with Zz. 

As the theory shows, the extreme values of a 
depend the Rd/Zon, where 
n=(p/psir)*, a figure equal to or larger than 1. 
Figure 25 shows dmax and @,,in as functions of the 
argument Rd/Zon for the parameter P/n=0.4. It 
should be recalled that a here is the limiting value 
reached for higher frequencies. It oscillates with 
varying frequency between the two extremes 
shown in the figure. It can be seen that unless the 
argument is larger than, say, 3, a will assume 
very low values at certain frequencies, which is 


upon argument 
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undesirable. For good performance, the condition 
Rd Zyn>3 


must be satisfied. With an average value of d=1” 
and n~3, this condition is equivalent to 


R> 160 ohms. 


If, on the other hand, w<w, (low frequencies), 
we know from subsection (a) that a and 6 are 
equal, their value being given by expression (58). 
Substituting these values into Eq. (47) we see 
that a in this frequency range is not a periodic, 
but a monotonous function of the frequency. It is 
then possible to compute the radiation resistance 
components and the absorption coefficient by 
means of a graphical method. The result is shown 
in Fig. 26, presenting a as a function of the 
frequency, with R as parameter, taking P=0.8 
and d= #"’. Here it is noteworthy that both low 
and high values of R are unfavorable, and that an 
optimum value of R exists. For R<200 the 
absorption for lowest frequencies becomes too 
low, whereas for R > 400 the whole curve falls off. 
Thus in this low frequency range there is an 
optimum value for R, namely a few hundred 
ohms. For lower values the viscous forces evi- 
dently are too low, for higher ones the resistance 
becomes too high and the total wave is reflected: 
thus no full use is made of the viscous forces. 

This result is in agreement with that for high 
frequencies, requiring a value of R above 160. 
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Fic. 26. Computed absorption coefficient for different 
resistance coefficients: ‘low frequency” range (according 
to Gemant). 


JOURNAL OF APPLIED PHYSICS 














From a manufacturing standpoint the chief 
conclusion to be drawn is that a certain medium 
value of fiber thickness (1 to 10 mils) will yield 
the best absorbent. The tightness of packing is 
determined by the condition that high porosity 
(around 0.7) be achieved. The chief remaining 
variable is, then, the fiber thickness, the channel 
diameter evidently increasing with the fiber 
diameter. According to (49) a certain medium 
value of diameter is required, and this should be 
around the above stated values. 


19. Practical Applications 


Finally a brief review of research, concerned 
with practical application of sound absorbents, 
should be given. 

There exists a large number of materials, such 
as those already considered above, the absorption 
coefficients of which are known and which are 
used in the construction of rooms with certain 
desired acoustic properties. The computation of 
the final effect is, however, not always quite as 
simple as Eq. (45) would suggest, because of 
certain simplifying assumptions underlying that 
equation. Chrisler? found that for large areas 
present the total absorption is smaller than 
expected, and for small areas, on the other hand, 
it is larger than calculated. Pellam® investigated 
the effect of strips of absorbing panels placed 
upon rigid walls, and determined the shape factor 
giving the relative increase of absorption, as 
compared with the computed value from the 
known absorption coefficient. The factor is 
largest if the panel width is about half the wave- 
length of the sound. 

A theoretical investigation of propagation of 
sound waves in closed spaces lined with ab- 
sorbing materials is given by Bolt,® particularly 
with reference to the shape of the room, and also 
by Brillouin.'® A résumé of the current knowledge 
on room acoustics was presented in several 
papers during the Tenth Meeting of the Acous- 
tical Society of America." 

In computing reverberation times of large 
rooms, the effect of the audience (in concert halls, 
for instance) has to be considered, also that of 
cushioned seats. In case of the audience it is 
chiefly their clothes that absorb. It is customary 
to express the absorption in terms of equivalent 
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open window surface (having a coefficient a=1). 
Figure 27 shows? the equivalent surface in square 
meters of each seat (1) and each person (2) asa 
function of frequency. A recent publication on 
this subject was written by Gigli.” 

There are composite materials in use that 
contain larger air spaces within the fibrous 
structure. Such a material is, for instance, 
Vibrafram, the properties of which were meas- 
ured by Ham and Darracott." 

A further point of interest is whether sound- 
absorbing panels can be painted for purposes of 
preservation or decoration, without an adverse 
influence upon their qualities. This question was 
recently investigated by Chrisler't who found 
that a few layers of paint are harmless, but that 
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Fic. 27. Absorption values for cushioned seats and 
audience (according to Meyer and Jordan). 


















































there is a very definite limit. As soon as the 
openings of the channels are blocked, the ab- 
sorbing properties will evidently suffer. 

Kaye and Evans" recently measured the ab- 
sorption of some materials occurring out-of- 
doors. The absorption rises with frequency as 
shown in the theory (Fig. 23). Loose gravel and 
snow are highly absorbent; compressed gravel 
and wet sand are only slightly so. The reason is 
probably in their widely differing porosity. 

Fiber glass which has only recently been 
produced on a large scale for both mechanical and 
electrical purposes, is used also as a sound- 
absorbing material.'® It seems to the present 
writer that fiber glass is rather suitable for this 
purpose, since the thickness of the fibers can be 
varied through a wide range to yield the optimum 
structure specified above. 
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Sound-absorbing materials are used in venti- 
lator and exhaust systems, the ducts of which are 
lined with suitable materials like rock-wool, in 
order to obtain an attenuation of sound waves 
passing the ducts. Theory and experiment on 
such ducts are presented by Sivian"? for the low 
frequency range, and by Rogers,'*® covering both 
high and low frequencies, also by Morse’ for 
both rectangular and circular cross sections of 
the ducts. 


Bibliography for Chapter IV 


1. N. W. McLachlan, Noise (Oxford University Press, 
London, 1935). 

2. E. Meyer and V. Jordan, E.N.T. 12, 213 (1935). 

3. I. B. Crandall, Theory of Vibrating Systems and Sound 
(Macmillan, London, 1927), p. 229. 

4. V. Kiihl and E. Meyer, Akad. Wiss. Berlin No. 26, 416 
(1932). 


5. Andrew Gemant, Akad. Wiss. Berlin No. 17, 579 
(1933). 

6. Andrew Gemant, E. N. T. 10, 446 (1933). 

7. V. L. Chrisler, J. Research Nat. Bur. Stand. 13, 169 
(1934). 

8. J. R. Pellam, J. Acous. Soc. Am. 11, 396 (1940). 

9. R. H. Bolt, J. Acous. Soc. Am. 11, 184 (1939). 

10. J. Brillouin, J. d. phys. et rad. 10, 497 (1939). 

11. Symposium: “Measurement of Absorption Coefficients 
and Application of Acoustical Absorbents,” J. 
Acous. Soc. Am. 11, 37 (1939). 

12. A. Gigli, Alta Frequenza 9, 103 (1940). 

13. L. B. Ham and H. T. Darracott, J. Acous. Soc. Am. 
11, 333 (1940). 

14. V. L. Chrisler, J. Research Nat. Bur. Stand. 24, 547 
(1940). 

15. G. W. C. Kaye and E. J. Evans, Proc. Phys. Soc. 52, 
371 (1940). 

16. G. Slayter, “Fiberglas, a new basic raw material,” 
Am. Chem. Soc. Meeting, Detroit, September, 1940. 

17. L. J. Sivian, J. Acous. Soc. Am. 9, 135 (1937). 

18. R. Rogers, J. Acous. Soc. Am. 11, 480 (1940). 

19. P. M. Morse, J. Acous. Soc. Am. 11, 205 (1939). 


Se 





Here and There 


Meetings of Scientific Societies 








The sixty-seventh annual general meeting of the Physical 
Society was held on July 25. The following officers for 
1941-42 were elected: President, Dr. C. G. Darwin; Hon. 
Treasurer, Dr. C. C. Paterson; Hon. Secretary (Business), 
Dr. W. Jevons; Hon. Secretary (Papers), Mr. J. H. Awbery; 
Hon. Librarian, Dr. L. C. Martin; New Members of the 
Council, Professor E. N. da C. Andrade and Dr. H. Shaw. 
At this meeting the first Charles Chree Medal and Prize 
were presented to Professor Sydney Chapman, who de- 
livered an address on Chree’s work on geomagnetism, part 
of which appears in Nature 148, 153-160 (Aug. 9, 1941). 
Professor Chapman’s distinguished work for the advance- 
ment of the science of geomagnetism began in 1911, when 
he was appointed to the Royal Observatory at Greenwich 
to design new instruments and buildings for magnetic 
observations. 


* 


The twenty-sixth annual meeting of the Optical Society 
of America will be held in New York City on October 24 
and 25 with headquarters at the Hotel Pennsylvania. 
A symposium on the role of “Optics in the National 
Defense”’ is scheduled for the session on Friday morning, 
October 24. The annual dinner is to be held on Friday 
evening, when the Frederic Ives Medal will be awarded. 
The Acoustical Society of America and the Society of 
Rheology will hold their meetings simultaneously with the 
Optical Society, and the Society of Motion Picture Engi- 
neers will hold its meeting at the same hotel from October 
21 to 23. 
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The Electrochemical Society will hold what is expected 
to be its largest convention at Chicago, October 1 to 4, 
1941. An extensive industrial exhibit will be an integral 
part of the meeting. Exhibition material has also been 
contributed by a number of universities in the Chicago 
area. Special plans have been made to take care of the 
large number of senior and graduate students expected to 
attend. Introductions will be made for students, and an 
employment committee will function for their benefit. 
Dr. Zworykin, head of the RCA Electronic Research 
Laboratory, will address the convention on “The Electron 
Microscope.” Several sessions will be devoted to electro- 
deposition and to electroorganic chemistry. 


7 


National Research Council Conterence on 
Electrical Iasulation 


The historic city of Williamsburg, Virginia, has been 
chosen for the 14th annual meeting of the Conference on 
Electrical Insulation of the National Research Council, 
Division of Engineering and Industrial Research. The 
meeting will last three days, beginning on October 30. 
As usual there will be many reports on investigations cover- 
ing different problems in the field of dielectrics. In addition 
it has been planned to devote one session to a discussion 
of problems arising from actual or potential shortages of 
certain insulating materials. A program for the meeting 
may be obtained by writing the Secretary of the Confer- 
ence, Thorstein Larsen, Consolidated Edison Company of 
New York, Inc., 55 Johnson Street, Brooklyn, New York. 
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Research Director Receives Honorary Degree 


An honorary degree of Doctor of Science in engineering 
was conferred recently upon Dr. Harvey C. Rentschler, 
Director of Research since 1917 for the Westinghouse 
Lamp Division, Bloomfield, New Jersey, by Princeton 
University. Dr. Rentschler was cited for his talents in the 
investigation of photoelectric cells and x-ray and electron 
tubes. He has pioneered in the development of such devices 
as the germ-killing Sterilamp, fluorescent lamps, new radio 
tubes and high intensity mercury vapor lamps. Rare 
metals, such as thorium, tantalum, and titanium, long 
suspected of being suitable for use in photoelectric cells, 
were first applied as coatings for practical cells through Dr. 
Rentschler’s experiments. 


* 


University of North Carolina 


The following news items come from the University of 
North Carolina: Dr. Russell Lyddane has gone to the 
U. S. Naval Proving Grounds. He is being replaced tem- 
porarily by Dr. E. P. Cooper from the University of 
California. Professor Earle Plyler has a leave of absence 
for a year to do important industrial work at Ann Arbor. 
Dr. Nathan Rosen, formerly Einstein’s assistant, has been 
added to the permanent staff of the University. 


* 


Precautions During Storms 


Dr. P. L. Ballaschi, Westinghouse engineer, has drawn 
the following conclusions from a survey of more than 100 
lightning fatalities. First and most important, get under a 
shelter as quickly as possible. Houses, barns and other 
buildings—the bigger the better—are good shelters. The 
top and sides‘of buildings will usually provide a better 
conductor path than the human body for lightning to 
reach the ground. When a storm threatens, keep off golf 
courses, suspend outdoor games, don’t ride bicycles or 
horses and don’t operate exposed machines such as tractors. 
Avoid shelter under trees, particularly isolated trees. Stay 
away from poles, masts, and other exposed objects pro- 
jecting skyward. Stay in your car if an electrical storm 
suddenly develops while you are motoring. About 90 per- 
cent of lightning casualties occur in rural districts and 
open spaces where the exposure hazard is greatest. Barns, 
farm houses and structures located on the outskirts of 
cities are made safer by the erection of lightning rods. 


* 


Largest Power Source 


The first of three 108,000-kw Westinghouse generators, 
each driven by a 150,000-horsepower waterwheel, is now 
working at the Grand Coulee Dam. Energy from the 
Grand Coulee West Power House will be transmitted over 
a 230-kv line to Bonneville Dam, on the lower Columbia, 
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where it will be made available for use in the new 
aluminum-manufacturing plant at nearby Vancouver, 
Washington. The second machine is expected to go into 
operation about December 1 and the third is scheduled 
for completion in March, 1942. When completed the 
generating plant at Grand Coulee Dam will be the largest 
single source of power in the world and will comprise 18 
main generators, all of the 108,000-kw size, and three 
10-kw ‘“‘station service’ generators which will provide 
power for the power house itself. Power from the big 
machines will fill many defense requirements and peace- 
time industrial needs in an area about twice the size of 
New England. 
* 


Magnesium Manufacture 


New American plants are making magnesium from sea 
water in such quantities that the United States and 
England are now equaling and will surpass Germany in 
production of this strategic material. Up to three years 
ago Germany produced three-fourths of the world’s con- 
sumption. Dr. R. H. Harrington, metallurgist in the 
General Electric Research Laboratory, declared in a G.E. 
Science Forum address at Schenectady that early in 1939 
it became apparent that our metal supply would be in- 
adequate, and new production facilities were provided 
which increased production by nearly 100 percent to 12 
million pounds for 1940. A yield of 30 million pounds is 
expected for 1941. This expansion is being made possible 
by new plants which use sea water as a source. There are 
about four and one-half million tons of magnesium in a 
cubic mile of sea water, according to Dr. Harrington. 


* 
Recent Factory Expansions 


Because of the tremendous increase in its business 
volume, the Wheelco Instruments Company has moved to 
its own building, located at Harrison and Peoria Streets, 
Chicago, Illinois. This is the third major expansion of the 
company since its establishment in 1935. 


A factory addition, doubling the production space, has 
been announced by the Ohmite Manufacturing Company, 
West Flournoy Street, Chicago, Illinois. 


New Books 


Polarography 











By I. M. Ko_tHorF AND J. J. LINGANE. Pp. 510+ xvi, 
Figs. 141, 16234 cm. Interscience Publishers, Inc., 
New York, 1941. Price $6.00. 

The authors state that they have written this monograph 
on polarography because there is pressing need for such a 
book in the English language, and their comprehensive 
and critical treatment of the subject up to its present 
status of development makes the book indispensable to 
anyone interested in this steadily growing field. 
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NEW BOOKS 


After a short general introduction, the first half of the 
book is devoted to a much needed theoretical discussion 
of the principles governing polarography. MacGillavary’s 
derivation of the equation for the diffusion current, which 
is the basis of quantitative polarography, is included, 
although Ilkovic’s original derivation is much simpler and 
more instructive and gives the same result. In separate 
sections, treatments of the migration current and condenser 
current are given, and these are followed by a discussion 
of maxima in polarographic waves. The inclusion of sec- 
tions on diffusion of ions and the electrocapillarity curve of 
mercury which is intimately related to polarography will 
certainly bring about a better understanding of this 
complex subject, required for successful practical polaro- 
graphic work. 

A consideration of the many other different factors in- 
fluencing the half-wave potential which is significant in 
qualitative polarography follows, and it should be said 
that the dropping amalgam electrode on which Heyrovsky 
has written an extensive treatment deserves more than 
the one sentence devoted to it. The discussion of complex 
ion waves contains many observations by one of the 
authors which have not yet been published, and this 
makes the chapter quite valuable. The interpretation of 
the waves of organic substances gives a clear picture of 
the factors which must be considered in order to get 
reproducible results and which have not been fully recog- 
nized in the past. The theoretical part is closed by a chapter 
on catalytic hydrogen waves and mixed potentials intro- 
duced into polarography by J. M. Kolthoff. 

The treatment of the apparatus and technique is under- 
standably short because different types of commercial 
apparatus are always accompanied by detailed instructions. 
No mention is made of the rather important bridge circuit 
for continuous cathodic and anodic polarization or the 
Uhl method of adding known amounts of a standard 
polarographically inactive reagent for use in calibration. 
Instead of simply referring to the original literature for 
obtaining the cell resistance, practical description of this 
and the application of the ZR correction for half-wave 
potentials which is not always applied would have been 
valuable. In the part on inorganic analysis, the elements 
are treated in groups, and much information is critically 
summarized with great care. This part is closed by a 
chapter on technical analysis. 

Organic compounds are treated according to their func- 
‘tional groups rather than only as individual substances, 
and although it is still somewhat early to expect a complete 
treatment along these lines, one can now realize how such 
a treatment will look after more precise information is 
available. The biological application involves chiefly 
proteins and sulphydryl compounds, and the detailed 
description of Brdicka’s cancer test will help to decide its 
true value by inspiring new experiments. 
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After a description of the work done with the platinum 
microelectrode, the book closes with an introduction to 
amperometric (polarometric) titration. Many statements 
here (especially in the theoretical part) are only approxi- 
mately true, but this is to be expected in such a new 
field. The value of the appendix, which may be obtained 
separately from the book would be increased if references 
had also been included there. 

The book should stimulate further research, not only in 
the field of analysis, but also in chemical physics, since 
information can be obtained about diffusion coefficients, 
oxidation reduction potentials, dissociation constants of 
ions correlated close to the field of electrolysis on electrodes 
where polarization occurs. 

The paper and typography of the book are-excellent. 

The book is dedicated to Professor Heyrosky, who not 
only invented polarography but, with his co-workers at the 
Charles University at Prague, was mostly responsible for 
developing it to its present state. 

ALots LANGER 
Westinghouse Research Laboratories 


Atlas of Charts on Physical Chemistry 


By G. V. VrNoGRADOV AND A. I. KRASILSHIKOV. 195 
charts, 12X17 inches, and 150 pages of descriptive 
material. State Publishers of Technical-Theoretical 
Literature. Moscow-Leningrad, 1940. 

This voluminous work consists primarily of 195 charts 
for. calculating quantities important in the study and 
applications of physical chemistry. The text is not lengthy, 
but devotes itself mostly to indices and guides to aid in 
using the charts; it does contain some descriptive material, 
however, on the use and construction of charts in general. 

The charts themselves represent a very large compilation 
of data. They will prove useful wherever quick or numerous 
calculations involving the more complicated formulae of 
physical chemistry must be made. Some attention has been 
paid to formulae of chemical thermodynamics, but more 
particularly to. chemical processes described from the 
molecular-kinetic point of view. 

The scope of this atlas can perhaps best be appreciated 
by considering the sections into which it is divided. The 
headings of these divisions are: (1) Gases; (2) Adiabatic 
and polytropic processes; (3) Kinetic theory of gases; 
(4) Thermal capacity, free internal energy, and entropy of 
solid bodies; (5) Vaporization and boiling; (6) Surface 
tension and adsorption; (7) Polarity characteristics of gases 
and dissolved substances; (8) Solutions; (9) Electro- 
chemistry; (10) Several properties of dispersion systems of 
hydrosols and aerosols; (11) Several formulae on chemical 
kinetics and thermodynamics; (12) Several formulae on 
measurement technique. 

Joun E. WHITE 
University of Pittsburgh 
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New Instrument Booklets 











The current issue of the Tin Research Institute’s 
Quarterly Review describes several important new develop- 
ments. In seeking for a substitute for aluminum for milk 
bottle caps, a new alloy of tin, zinc, and nickel was dis- 
covered which has a remarkable combination of strength 
and ductility. The improved tin foil rolled from this alloy 
has 23 times the strength of ordinary tin foil. Other items, 
such as the discovery of a new tin-rich bearing alloy, 
suitable for use in the tail-shaft bearings of large ocean- 
going vessels, and properties of non-corrosive solder fluxes 
obtained by neutralizing certain organic acids with amines, 
are included in the current issue of Tin and Its Uses, No. 10, 
which may be obtained from the Tin Research Institute, 
Fraser Road, Greenford, Middlesex, England, or from the 
Battelle Memorial Institute, 505 King Avenue, Columbus, 
Ohio. 


Two booklets from the Tin Research Institute, Fraser 
Road, Greenford, Middlesex, England, entitled ‘‘Protective 
Films on Tinplate by Chemical Treatment’ (Publication 
No. 104), and “Report for 1940’’ (Publication No. 103). 


A New Wheelco Thermocouple Data Book and Catalogue 
has just been issued by the Wheelco Instruments Com- 
pany, Harrison and Peoria Streets, Chicago, Illinois. This 
catalogue contains temperature conversion tables, milli- 
volt tables, pipe and wire sizes, decimal equivalents, wire 
resistances, recommendations for checking thermocouples 
and pyrometers, and information on how to construct 
thermocouples, as well as prices and descriptions of the 
various items offered for sale. 


“The Electrophoresis Apparatus with Improved Optical 
System,” illustrated descriptive material about a product 
of Adam Hilger, Ltd., 98 St. Pancras Way, Camden Road, 
London, N.W. 1, England. 


“Oxygen-Boosting of Diesel Engines for Take-Off,” 
Bulletin No. 54 of the Engineering Experiment Station 
Series, The Pennsylvania State College, State College, 
Pennsylvania. Copies sell for 50 cents each. 


The General Radio Company’s General Radio Experi- 
menter, June, 1941. Feature article, ‘‘The Vibration Meter 
—A New Electronic Tool for Industry.”” The General Radio 
Company is located at 30 State Street, Cambridge, 
Massachusetts. 


Illustrations, current prices, and descriptive material 
concerning ‘“‘RCA radio and television test equipment” 
make up Catalog No. 105, distributed by Cameradio 
Company, 963 Liberty Avenue, Pittsburgh, Pennsylvania, 
and 1002 Main Street, Wheeling, West Virginia. This 27- 
page catalog contains information on signal-tracing equip- 
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ment, electronic voltmeter-ohmmeter, tube testers, oscillo- 
graphs, signal generators and test oscillators, service 
equipment, antennas, record players and accessories, 
television parts, replacement parts, transmitting tube 
sockets, communication receiver, and transmitting tubes. 


Application in the bottle washing field of the Solu- 
Bridge, electrical instrument for direct measurement of 
concentration of washing solutions, is described in a leaflet 
distributed recently by Industrial Instruments, Inc., whose 
new plant and offices are located at 156 Culver Avenue, 
Jersey City, New Jersey. 


“Frahm” vibrating-reed tachometers form the theme of 
Bulletin 1670, published by the James G. Biddle Company, 
1211-13 Arch Street, Philadelphia, Pennsylvania. The 
product is described briefly as follows: ‘‘The sole mecha- 
nism in a Frahm Tachometer is a set of accurately cali- 
brated or ‘tuned’ steel reeds. The slight vibration caused 
by the rotation of the machine on which the instrument is 
mounted produces a sympathetic or resonant vibration in 
certain of these reeds. This in turn is instantly readable on 
the scale as revolutions per minute.” 


Data pertaining in general to the Shallcross rotary 
instrument switches and in particular to the four standard 
types manufactured by the Company, have been collected 
in Bulletin No. 500 issued recently by the Shallcross 
Manufacturing Company, Collingdale, Pennsylvania. 


Polaroid Laboratory Products is the title of a recent 
booklet issued by the Chicago Apparatus Company, 1735 
Ashland Avenue, Chicago, Illinois. The Polaroid products 
described and illustrated in this catalog are offered to 
implement the new and expanding interest in the new 
field of applied science created by Polaroid light-polarizing 
materials. These products provide means for demonstra- 
tion, instruction and research. 


The photo-tube’s usefulness in light-operated relays, 
color discriminating devices, automatic counters, light 
measuring, and film sound reproduction is explained in 
detail in a 16-page booklet prepared by the RCA Manu- 
facturing Company, Camden, New Jersey. The booklet is 
being distributed to engineers, servicemen, amateurs, 
students, and experimenters throughout the country by 
RCA transmitting tube distributors. Numerous circuits, 
characteristic curves, and charted data on the RCA 
photo-tube line, supplement the descriptive material. 


The Gray Instrument Company, 64 West Johnson 
Street, Germantown, Philadelphia, Pennsylvania, has dis- 
tributed recently its Catalog E-14, ‘““Queen’’ Instruments, 
describing and illustrating the Company’s line of potenti- 
ometers, Wheatstone bridges, Kelvin bridges, galvanom- 
eters, Kohlrausch slides, resistance boxes, resistance 
standards, volt boxes, and other electrical measuring 
equipment. 
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Contributed Original Research 





A Preliminary Report on the Development of a 300-Kilovolt Magnetic 
Electron Microscope 


V. K. Zworykin, J. HILtreR, AND A. W. VANCE 
Research Laboratories, RCA Manufacturing Company, Camden, New Jersey 


(Received August 1, 1941) 


Electron microscopes using accelerating potentials of from 30 to 100 kilovolts cannot be 
employed satisfactorily for the examination of specimens whose thickness is greater than 
one-half micron (in the case of organic material). In order to investigate the possibility of 
applying the high resolving power of the electron microscope to problems involving somewhat 
thicker specimens, an instrument has been constructed which uses electrons accelerated by 
voltages up to 300 kilovolts. A commercial electron microscope has been adapted for the purpose 
by the modification of the electron gun and projection lens, and by the addition of a new high 
voltage generator. The essential features of the new design and some of the problems encoun- 
tered in the testing of the equipment are described. Comparison micrographs of test objects 
taken with 50- to 250-kilovolt electrons demonstrate the increase in penetrating power obtained 
at the higher potentials. An electron micrograph of a biological section, one to two microns 
thick, taken with 200-kilovolt electrons shows a promising amount of the internal structure. 


HE primary purpose of the research work 

carried out in the development of the 
electron microscope has been the attainment of 
maximum resolving power accompanied by the 
simplification and improvement of the operation 
of the instrument.'* The developmental work has 
resulted in the construction of a considerable 
number of electron microscopes and in a design 
which has recently been made available on a 
commercial basis. The best resolving power that 
has been demonstrated with an electron micro- 
scope of any kind lies in the range between 30 and 
50A, while that obtainable under ordinary 
working conditions appears to be of the order 
of 100A. 

If it were possible to obtain the resolution of 
details of the above magnitude for all microscope 
‘specimens, the research worker would have at his 
disposal a device for observing directly all those 
phenomena of nature which take place in the 
range of the size scale above 50 angstrom units. 
Unfortunately, in the images obtained with the 
present types of instrument using electrons ac- 

‘J. Hillier and A. W. Vance, “‘Recent developments in 
the RCA electron microscope,”’ Proc. I. R. E. 29, 167-176 
(April, 1941) (and references contained therein). 


2B. von Borries and E. Ruska, Siemenz Zeits. 20, 217 
(1940). 
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celerated by from 30 to 100 kilovolts, those parts 
of the specimen which are thicker than about 
5000 angstrom units in the case of organic 
materials, and thicker than a few hundred 
angstrom units in the case of heavy metals, 
appear nearly opaque and completely lacking in 
detail. As many important problems of biology 
involve the investigation of fine structure which 
is an integral part of a relatively large body, and 
which cannot be removed from that body without 
loss of identity, this lack of penetration is 
probably the most important limiting factor in 
the present types of electron microscopes. 

In order to investigate the possibility of ob- 
taining images of the internal structure of thicker 
specimens by the use of higher voltages for the 
acceleration of the irradiating electrons, the 
authors have constructed in the RCA Labora- 
tories an experimental magnetic electron micro- 
scope capable of producing images of high re- 
solving power with 300-kilovolt electrons. Except 
for the design of the high voltage generator and a 
few modifications of the microscope column re- 
sulting from the change to higher accelerating 
potentials, the instrument is the same as that 
which has already been described.' Figure 1 is a 
photograph of the equipment with the electro- 
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static and lead shielding removed. The standard 
microscope column and cabinet can be seen at the 
right while the tank containing the high voltage 
generator is visible at the left. 

The high voltage generator and regulator 
operate on the same principles as those which 
have been described in connection with the lower 
voltage generator.! The oil-immersed rectifier- 
filter system is a voltage quadrupler of the 
Cockcroft Walton type but designed to operate 
at radiofrequency. As in the commercial unit the 
rectifier-filter system presents a series-resonant 
radiofrequency load to a driver-oscillator circuit. 
In the latter circuit it was found necessary to use 
a 1-kilowatt air-cooled tube in order to obtain 
sufficient power for the high voltage require- 
ments. Separate radiofrequency oscillators supply 
the heating current for the rectifier and micro- 
scope filaments through step-down insulation 
transformers mounted in the oil tank. The design 
of the feed-back regulator used to stabilize the 
high voltage is similar to that which has been 
described in the previous papers.'* The output 
voltage may be varied from 50 to 300 kilovolts in 
50-kilovolt steps by a control on the panel. 

The quadrupler-rectifier system filter and volt- 
age divider are mounted in the large oil tank. The 


3A. W. Vance, “Stable power supplies for electron 
microscopes,’’ RCA Rev. 5, 293-300 (Jan. 1941). 


Fic. 1. Photograph of new 300-kilo- 
volt electron microscope. 
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problem involved in obtaining a suitable insulator 
for the high voltage outlet from the tank was 
solved by using a specially molded disk of hard 
rubber, surrounded by a boiler plate flange six 
inches wide, to form a cover for the entire open 
top of the oil tank. All of the electrical equipment 
which is contained in the oil tank is mounted on a 
framework and supported as a single unit on the 
under side of the cover in such a way that it can 
be removed from the tank with the cover. The 
high voltage terminal is in the form of a large 
copper sphere, mounted on a cylindrical rod 
which is tightly sealed in the center of the hard 
rubber disk. Stresses in the hard rubber disk are 
reduced by three tubular copper rings of a large 
diameter tubing mounted concentrically with the 
high voltage terminal. The first of these rings is 
mounted on the upper side of the hard rubber 
disk, midway between the center and the rim. 
The second which has the same outside diameter 
as the first but which is constructed of somewhat 
smaller diameter tubing, is mounted on the under 
side of the hard rubber disk. The first and second 
rings are mounted and electrically connected by 
means of screws passing through and sealed into 
the rubber. This system of rings is maintained at 
half the full voltage by means of a high resistance 
voltage divider. The third ring is mounted on the 
upper side of the hard rubber on its circumference, 
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and is connected to the grounded tank. In order 
to prevent air bubbles from being trapped under 
the hard rubber disk, the tank has been mounted 
on a slightly inclined platform. A stopcock is 
mounted on the highest point of the tank and is 
used to release the last traces of air when the tank 
is filled. A reservoir, which is supported above 
the level of the top of the large tank can be seen 
at the extreme left in Fig. 1. This reservoir is 
connected to the top of the large tank and is 
maintained about half full of oil. It serves to take 
care of the thermal expansion of the oil in the 
large tank during operation, and to take care of 
any loss of oil that may occur due to leakage from 
the large tank. 

Electrical connections between the driving 
circuits in the cabinet behind the microscope 
column and the rectifier and filters in the oil tank 
are made by shielded cables, the oil-tight con- 
nections into the oil tank are made by means of 
modified automobile spark plugs fitted in the 
metal flange of the cover. The oil drum, which is 
mounted under the reservoir, is connected 
through a valve to the bottom of the large tank. 
This second reservoir is used to lower the level of 
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the oil in the large tank in the event that it is 
necessary to gain access to the electrical equip- 
ment inside the tank. Compressed air is used to 
return the oil to the large tank. High voltage 
connections to the electron gun of the microscope 
are made by means of large size aluminum tubing. 
One intermediate insulating support is used and 
consists of a cylindrical rod of hard rubber fitted 
with corona shields. 

With the exception of the electron gun, the 
microscope column is essentially the same as that 
previously described. A two-stage gun has been 
designed which has been found to operate suff- 
ciently steadily up to 280 kilovolts. The design is 
such that the central electrode, which is con- 
nected to the half potential ring, draws negligible 
current from the high voltage generator. The 
projection lens is of a double type that has been 
used experimentally to obtain large fields of view 
and high magnifications in the lower voltage 
instruments. At the time of writing, the objective 
and condenser lenses have not been modified in 
any way, although the position of the specimen 
has been raised to compensate for the increase of 
focal length of the objective which is obtained at 
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the higher voltages. At 250 kilovolts the instru- 
ment is capable of giving a magnification of 
10,000 diameters. A liquid-air trap has been 
incorporated in the construction of the high 
vacuum manifold but has been found to have no 
effect on the final pressure obtained. It has been 
found to decrease the time required to pump the 
system to this final pressure after the insertion of 
a new photographic plate. The remainder of the 
vacuum system is the same as in the commercial 
instrument. 

A number of problems were encountered in the 
testing of the instrument. The most serious of 
these was due to the hard x-rays generated by the 
instrument at the higher voltages. Above 200 
kilovolts x-ray intensities as high as 10-* r/sec. 
were measured at some points about the instru- 
ment. Reducing this to below the safe value of 
10-* r/sec. required the extensive use of lead as a 
shielding material around the gun and in those 
parts of the instrument where the electron beam 
strikes metal parts surrounded by thin walls. In 
order to make the system completely safe for the 
operator, all the high voltage equipment has been 





installed in a room which is lined with grounded 
metal shielding. As the complete unit weighs 
several tons,- it was necessary to reinforce the 
floor of the laboratory building before the instal- 
lation of the equipment. 

A further and unexpected installation difficulty 
was encountered in the form of building vibra- 
tion. The addition of the rather large and heavy 
electron gun to the standard instrument changed 
the vibration characteristics of the latter instru- 
ment in such a way that it became very sensitive 
to vibrations transmitted to it from the building 
or from the normal manipulation of the controls. 
This trouble was finally overcome by mounting a 
brace between the intermediate tube of the micro- 
scope column and the cabinet at the rear, and 
by mounting the whole instrument and cabinet 
assembly on thick pads of sponge rubber. The 
transmission of vibration to this assembly from 
the building was prevented by providing all the 
electrical, vacuum, and water connections to the 
instrument with flexible couplings. 

In operation the new equipment has been 
found somewhat more difficult to adjust than the 











50 kv 200 kv 
(a) (b) 











250 kv 50 kv 
(c) (d) 


Fic. 3. A group of B. megatherium taken with electrons of various velocities. ( 5000.) (Preparation by: 
Dr. K. Polevitzky, University of Pennsylvania.) 
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commercial unit. This is particularly so at the 
higher voltages. In order to obtain steady 
operating conditions above 200 kilovolts it is 
essential that the insulators in the electron gun 
be very clean, and that the high voltage con- 
ductors be free of large dust particles. It has been 
found that it is necessary to readjust the instru- 
ment completely for each accelerating potential 
that is used. This is due to: (1) the optimum 
adjustment of the electron cathode is associated 
with a slight space charge effect in the cathode 
region; the magnitude of this effect is dependent 
on the potential applied: (2) the effects of slight 
asymmetries in the magnetic field lenses are 
minimized by compensating adjustments in the 
aligning process; the magnitude of the necessary 
compensating adjustments is also dependent on 
the accelerating potential used. The ultimate 
resolving power seems to be about the same as 
the commercial type, although an accurate check 
has not been made over the whole range of 
voltages. Preliminary photographs taken with 
this equipment at 200 and 250 kilovolts show 
that a resolving power of at least 100A is attain- 
able at these voltages. 

While it is not yet possible to describe any 
quantitative results obtained with the new instal- 
lation, a few examples of the results that are being 
obtained can be shown. These demonstrate the 
increase in penetration obtained with the use of 
higher accelerating potentials. Figure 2 is a series 
of micrographs of an ordinary blood smear on 
collodion. These were taken at 50, 100, 150, and 
200 kilovolts. The exposure times of the negatives 
and the prints were adjusted so that the intensity 
in the image of the clear space in the specimen is 
the same in each case. It can be seen how the red 
cells and the thick material at the lower side of 
the micrograph taken with 50-kilovolt electrons 
are completely opaque, while with 200-kilovolt 
electrons they are transparent. The effect is 
shown by the image of the edge of the supporting 
wire which becomes visible at 200 kilovolts. 
Figure 3(a) is a comparison between a micrograph 
of B. megatherium taken with 50-kilovolt elec- 
trons and the same group of organisms taken 
with 200-kilovolt and 250-kilovolt electrons. 
(Figs. 3(b) and 3(c).) It can be seen that a con- 
siderable amount of structure becomes differ- 
entiated in the inner part of the organisms when 
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it is viewed by the higher voltage electrons. 
Figure 2(d) is another print from the same 
negative of the micrograph taken at 50 kilovolts; 
it is printed light to show that there is no 
structure in the overexposed portions of the 
above print. Figure 4 shows one of the first 








Fic. 4. Cut section of body wall of a cockroach. Taken 
with 200-kilovglt electrons (14,000). (Preparation by: 
Dr. A. Glenn Richards, University of Pennsylvania.) 


satisfactory electron micrographs that has been 
obtained of a cut section of natural material. It 
shows the structure in a cut section 1 to 2 
microns thick, of the body wall (‘‘skin’’) of a 
cockroach, taken with 200-kilovolt electrons. 

The preliminary results indicate that the 
expected increase in penetration is the only ad- 
vantage obtained from the use of higher acceler- 
ating potentials and that this increase in penetra- 
tion becomes useful only at potentials above 150 
kilovolts. There appears to be no advantage in 
using the high-voltage microscope to examine 
specimens which are transparent for the lower- 
voltage commercial instrument. 

We wish to thank Mr. J. M. Morgan for his 
valuable assistance in the design and test of the 
electrical equipment. 
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Studies in Lubrication 


X. Friction Phenomena and the Stick-Slip Process 


F. Morcan, M. Muskat, AND D. W. REED 
Gulf Research & Development Company, Pittsburgh, Pennsylvania 


(Received June 19, 1941) 


Studies have been made of the stick-slip behavior recently investigated by Bowden and 
collaborators. The friction apparatus consists essentially of a table which can be made to rotate 
at a very low velocity and a slider elastically supported at the center of rotation of the moving 
surface. Examples are shown of the stick-slip process with several combinations of metals at 
various speeds and loads. Motion pictures of the slider and table have been made in order to 
study possible slipping during the stick phase. Temperature records of the stick-slip cycle 
indicate that the temperature flash is confined exclusively to the slip period and in no case 
studied exceeds 50°C above ambient. Traces made of the slip phase with very high camera 
speeds permit an analysis of the variation of kinetic friction with velocity. Thus both static and 
kinetic friction data can be obtained from a single stick-slip cycle. 


INTRODUCTION 


HILE performing experiments on the 
friction between unlubricated surfaces, 
Bowden and Ridler' observed variations in fric- 
tion and concluded that the force of kinetic 
friction inherently may not be constant. In order 
to make a further study of any possible fluctua- 
tions Bowden and Leben? constructed special 
apparatus with an elastic friction measuring 
element possessing a high natural frequency of 
vibration. Similarly a high frequency spring 
system was used for applying the load to a flat 
plate which could be driven at a slow and uniform 
velocity by a water piston. Each of the springs 
had a natural frequency of at least 1000 c.p.s. 
When the plate was set in motion the slider was 
observed to move along as though the two had 
stuck together until the restoring force of the 
spring became sufficient to jerk the slider loose 
and bring it back into position to stick again. 
During the slip-back portion of this cycle a 
voltage corresponding to a temperature flash of a 
few degrees could be observed when the metals 
were such as to form a thermoelectric junction. 
However, because of the short duration of the 
flashes and the shunting effect of parallel couples, 
it appeared that the actual temperatures might 
be much higher than the measured values, and 


1F. P. Bowden and K. E. W. Ridler, Proc. Roy. Soc. 
A154, 640 (1936). 

2 F. P. Bowden and L. Leben, Proc. Roy. Soc. A169, 371 
(1939). 
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melting temperatures were considered to be a 
distinct possibility. Local welding, as a result of 
high temperature and plastic flow was thus 
postulated, and the observed ‘“‘stick-slips’’ were 
explained as being the manifestation of this 
welding and the subsequent rupture of the 
contacts. 

Previous experience of Bowden and Ridler! 
was introduced as evidence to corroborate their 
prediction of very high surface temperatures. The 
method there adopted for measuring the contact 
temperature was the same as that previously 
employed by Shore* and independently by 
Herbert* for measuring the temperature associ- 
ated with the cutting of metals. That is, the 
thermoelectric voltage was determined, prefera- 
bly by an instrument having a low natural period, 
and from a previous calibration the temperature 
of the given couple could easily be ascertained. 
At high speeds and loads temperatures of several 
hundred degrees were often observed, the maxi- 
mum temperature rise in many cases being 
limited by the melting point of one of the 
metals. Theoretical evidence was introduced 
which was supposed to show that temperatures 
of such magnitudes may reasonably be expected. 
The calculations lose much of their significance, 
however, when it is realized that, according to 
the formula, which was developed on the as- 
sumption that the slider was a cylinder of infinite 


3 Henry Shore, J. Wash. Acad. Sci. 15, 85 (1925). 
4 E. G. Herbert, Proc. Inst. Mech. Eng 1, 289 (1926). 
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length, the temperature varies inversely as the 
radius of the area of contact, and by assuming a 
sufficiently small value for this quantity the 
calculated temperature may reach any arbitrary 
value. Nevertheless, this work did show directly 
that if conditions are severe enough, melting 
temperatures may actually be produced when 
one metal slides on another. This is exactly the 
explanation that has been invoked by Bowden 
and Hughes® to explain the formation of the 
Beilby layer, an amorphous film found on the 
surface of a solid after polishing. Of course, from 
a practical point of view these observations are 
merely a simplified counterpart of those cases of 
the “burning out” of bearings when the heat 
generated by friction cannot be dissipated suffi- 
ciently rapidly by the bearing housing. 

The possibility that the phenomena observed 
by Bowden and Leben are merely characteristic 
of the generally accepted properties of friction 
and of the particular apparatus employed has 
been pointed out in a number of publications. 
Thus Blok® has shown that such vibrations may 
simply represent a type of relaxation oscillations 
which may, in turn, depend upon the particular 
form of the friction-velocity curve and the 
amount of damping in the system. The experi- 
ments of Papenhuyzen’ on the skidding of 
automobile tires have shown that the behavior 
of the vibrating member may be influenced 
decidedly by the dragging speed and the load. 
The resultant motion was found to be either 
uniform, of a relaxation type, or sinusoidal ac- 
cording to whether the speed was very low, 
medium or high. The relaxation theory of Blok is 
in qualitative agreement with some of the main 
features of these experiments. 

As early as 1929 Wells* experimented with a 
machine for measuring friction under conditions 
of boundary lubrication. The sliding surfaces 
were flat and parallel and the frictional force was 
measured by means of a trifilar suspension of 
weights arranged in such a way that the restoring 
force increased with the displacement. With 
highly refined oils alternate sticking and slipping 
took place under certain circumstances and 


5F. P. Bowden and T. P. Hughes, Proc. Roy. Soc. 
A160, 575 (1937). 

®°H. Blok, J. Soc. Aut. Eng. 46, 54 (February 1940). 

7P. J. Papenhuyzen, De Ingenieur 53, 75 (1938). 

8 J. H. Wells, The Engineer 147, 454 (April 26, 1929). 
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Fic. 1. Schematic diagram of friction measuring apparatus. 


steady kinetic readings could not be obtained. 
“Oily” oils, however, were found to give dead 
beat readings. No very serious attempt was made 
to explain the presence of the “‘unstable region” 
in which only static measurements could be 
made, and differences in behavior for different 
oils were considered to be due to variations in 
adhesion. 

In 1933 Kaidanovsky and Haykin® made a 
study of relaxation oscillations as applied to 
mechanical systems having friction varying with 
the velocity. They asserted that a necessary 
condition for such vibrations is that a region 
must exist for which the friction decreases as the 
velocity increases. Under such circumstances 





= N. L. Kaidanovsky and S. E. Haykin, Zeits. f. tech. 
Physik 3, 91 (1933). See also S. Haykin, L. Lissovsky, and 
A. Solomonovich, J. Phys. U.S.S.R. 2, 253 (1940). 
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equilibrium is unstable. A well-known example of 
a friction-velocity curve that possesses a de- 
creasing branch, a minimum, and an increasing 
part is the curve for fluid friction in the region 
of boundary lubrication. At velocities below the 
point of minimum friction the curve rises rapidly 
with decreasing velocity because of thin film 
lubrication or partial metallic contact, while 
beyond the minimum the friction is again higher 
because of an increased rate of shear of the lubri- 
cant. In order to test their theory, Kaidanovsky 
and Haykin performed experiments on a cylin- 
drical journal bearing, for which, as is well known, 
the above characteristics apply. When the rela- 
tive velocity was in the region where the friction 
characteristic was decreasing, oscillations were 
observed which very closely resembled those 
obtained by Bowden and Leben. 

In performing experiments in which spherical 
surfaces were made to slide on a well lubricated 
flat surface, the present writers also observed 
much the same type of behavior. The torque on 
three symmetrically located spherical sliders was 
measured by the twist in a torsion wire which 
was equidistant from all of the three sliders.'® 

10The apparatus with which these observations were 
made was that previously used in the study of the lubrica- 
tion of flat sliders. (F. Morgan, M. Muskat, and D. W. 
Reed, J. App. Phys. 11, 541 (1940).) 


Oscillations, which frequently became almost 
violent, were observed. The behavior was ex- 
plained, apparently quite satisfactorily, on the 
basis of the friction characteristic curve. Thus 
when the relative surface velocity was very low 
the frictional torque was high because of bound- 
ary lubrication conditions, and the sliders were 
carried along with the moving plate. Finally, 
however, the torsion in the wire exceeded the 
frictional force, the surfaces started moving with 
respect to each other, the force of friction 
decreased, and the sliders gained momentum as 
they were pulled back toward their normal 
position by the torsion wire. A little beyond the 
position of zero torque the motion was reversed, 
the sliders were again pulled along with the 
moving surface, and the entire procedure was 
repeated. 

A. Klemencic" has recently examined the me- 
chanics of friction-measuring apparatus and has 
shown that in the case of fluid lubrication con- 
ditions of stable equilibrium prevail, while for 
mixed or boundary lubrication equilibrium is 
essentially unstable. Emphasis was placed upon 
the necessity of taking into consideration the 
dynamical properties of the system and of 
applying suitable damping in cases of unstable 





it A. Klemencic, Forschung Ingwes. 11, 108 (1940). 
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equilibrium if usable measurements are to be 
obtained. The possibility of determining the 
friction coefficient curve as a function of velocity 
by utilizing the constants of the system ap- 
parently escaped attention. 

As experiments of the type described by 
Bowden and Leben seemed to show considerable 
promise of being suitable for evaluating the 
lubricating properties of oils, apparatus was 
assembled for a further study of the stick-slip 
behavior. 

APPARATUS 

Figure 1 is a schematic diagram of the essential 
parts of the slider and friction-measuring mecha- 
nism and Fig. 2 is a photograph of the complete 
apparatus. As far as possible equipment already 
available has been utilized. The rotating table 
and gear mechanism are the same as were used 
previously for experiments on the lubrication of 
plane sliders.'"° The driving parts (not shown) 
consist of a single-phase motor, a variable speed 
transmission and a gear reducer. Track speeds 
are continuously variable from about 0.003 cm 
per sec. to approximately 200 cm per sec. 
Actually, the table speed has not been strictly 
uniform. While a more uniform motion would 
unquestionably be preferable, the results indicate 
that extreme constancy of speed is not indis- 
pensable. 

The force of friction is measured between the 
moving surface A (Fig. 1) and the slider B which 
is connected to the supports C through the 
elastic friction-measuring element D, the loading 
spring E, and the rigid member F. The plate G, 
which carries the moving friction surface, is 
mounted on three screws to facilitate leveling. 
The slider support consists essentially of two parts 
in order that the frequency of vibration of the 
friction-measuring apparatus may be practically 
independent of that of the loading mechanism. 

The motion of the slider may be recorded by 
means of a light beam reflected from the lens and 
mirror combination H onto the moving film of 
the camera shown at J in Fig. 2. The camera is of 
the type that has been used in this laboratory in 
seismic recorders.” By using various voltages and 

” The authors gratefully acknowledge the cooperation 
of Mr. O. F. Ritzmann of this laboratory in making the 


recorder, the chronograph, and various pieces of miscel- 
laneous equipment available for these experiments. 
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gear trains, the speed of the recording film may 
be varied between the limits of about 0.2 cm/sec. 
and 600 cm/sec. The recording paper for this 
particular camera is 70 millimeters wide. 

The frequency of the timing lines for reference 
purposes has been chosen to be roughly pro- 
portional to the speed of the sensitized paper. 
Thus, for the lowest speed, a chronograph has 
been found to be suitable. At greater speeds, the 
source has been the power supply, a tuning fork 
of 100 or 500 cycles, or a vacuum tube oscillator 
which operates at 1000 or 2000 c.p.s. 

Transverse vibrations in the friction-measuring 
element, which apparently due to the 
unbalanced nature of the force on the torsion 
spring, have been largely eliminated through 
damping by means of a rubber pad. Damping of 
the torsional oscillations has been relatively 
small in all cases. The torsion spring was placed 
at the center of rotation of the table to prevent 
as much as possible relative radial motion 
between the table and slider as the latter is 
deflected tangentially. In this manner spurious 
slippage during the stick cycle which occurred 
when the slider spring support was placed outside 
the slider-table contact circle was eliminated. 

From the description already given of the 
friction-measuring mechanism it is apparent that 
this part of the apparatus has been deliberately 
designed so that the motion of the slider may 
inherently be of a vibratory character. Load is 
applied through the spring steel segment E which 
has a natural frequency in the direction of the 
load of approximately 1000 cycles per second. 
This frequency has purposely been made high in 
order to decrease the time required for the slider 
to return to the moving surface if, for any reason, 
contact should be broken. The frequency of the 
slider in a direction parallel to that of relative 
motion may be varied over rather large limits by 
changing the thickness of the spring steel 
segment D. This method of changing frequency, 
of course, also involves a change in the sensitivity 
or deflection of the spring per unit load, but this 
may, if necessary, be compensated by a change in 
the length of the path of light. Oscillograms have 
been obtained (with a slightly different friction- 
measuring mechanism) for a number of springs 
for which the natural frequency varies from 45 to 
930 cycles per second. By far the greater number 
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of data has been obtained, however, for the 
spring having the lowest frequency of vibration. 
This design of the vibrating system has been 
found to be satisfactory and reasonably con- 
venient as the frequency in the direction of 
sliding may easily be varied without affecting the 
frequency in the direction in which the load acts. 

In order to find the coefficient of friction, the 
spring D must be calibrated by applying a known 
force to the slider in the direction of motion and 
measuring the resulting deviation of the spot of 
light on the sensitized film. The force of static 
friction is then equal to the force required to give 
the slider a displacement equal to that at which 
sliding begins. In practice, the displacement of 
the spot of light for various load increments was 
photographed and the deflection per unit load 
was determined from the resulting traces. 

The greater part of the error occurring in the 
determination of the coefficient of static friction 
undoubtedly arises either in the location of the 
position of no frictional force or in the measure- 
ment of the load. The zero point was found by 
removing the load from the slider and permitting 
it to return to its equilibrium position. That this 
was very close to the true position of zero deflec- 
tion was demonstrated by the fact that it re- 
turned very nearly to the same spot each time 
during a series of trials. The method of de- 
termining the load is open to criticism. The 
upward force required to just break electrical 
contact between the slider and the moving 
surface was measured and assumed to be equal to 
the load on the slider. Actually this measured 
force may be expected to be somewhat higher 
than the actual load for the deflection on the 
spring will be greater during a measurement by 
an amount equal to the compression and digging 
in of the slider. Moreover, small variations in 
flatness of the moving surface introduce relatively 
large changes in load. 

The coefficient of kinetic friction is not as easily 
determined as the static coefficient. According to 
the method adopted by Bowden and Leben it will 
simply be the value obtained by dividing the 
force corresponding to the average displacement 
of the slider by the load. If the conventional 
definition of kinetic friction is assumed, however, 
it is necessary to have additional information on 
the inertia and damping of the moving system. In 
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this paper, stretched out curves of the slip 
portion of the cycle will be shown, from which it 
is, in principle, possible to determine the usual 
coefficient of kinetic friction, but an analysis of 
the curves will be deferred until a later date. 

Little can be said, at present, in regard to the 
nature and condition of the surfaces which will 
invariably give rise to oscillations of a definite 
type. Experiments have been conducted with 
moving surfaces of tool steel, copper, brass, 
stainless steel, aluminum, Babbitt and _ nickel, 
and with sliders of constantan, steel, copper, tin, 
zinc, and Wood's metal. The results of only a few 
typical combinations will be shown, however. 
Considerable difficulty has been experienced at 
times in conditioning the surface, as only small 
amounts of lubricant or abrasive are necessary in 
order to make the sliding process continuous. 
Plates have been prepared most successfully by 
lapping with fine carborundum on cast iron and 
then finishing with rouge and water, and finally 
drying with alcohol, or by polishing with fine 
emery paper and then washing until all traces of 
contaminant or abrasive have been removed. 
Most of the experiments on steel were performed 
on plates having a hardness of approximately 200 
Brinell, although oscillations have been obtained 
for steel of over 500 Brinell. Attempts, largely 
unsuccessful, have been made to correlate the 
magnitude of the coefficient of static friction with 
the occurrence or lack of occurrence of. ‘‘stick- 
slips.’’ Thus, while static friction for a surface 
lapped with fine carborundum was found to be 
higher than for the same surface when polished 
with fine emery paper, sliding usually became 
continuous after a short time in the former case 
while sustained vibrations were the rule in the 
latter. It is probable that grit imbedded in the 
material during the lapping process interfered by 
collecting between the slider and plate. As a 
general rule, results are more consistent when at 
least one of the sliding surfaces is soft than when 
both are hard. It seems reasonable to expect this 
behavior as the contact in the former case is more 
uniform and local variations have less effect. The 
surface finish has been varied from relatively 
rough to “‘mirror smooth” with no appreciable 
difference in the type of sliding. 

No unique explanation has been developed for 
rapid variations sometimes observed in the values 
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of the coefficient of static friction. They are 
probably due to local load variations resulting 
from a microscopic lack of flatness, as very small 
changes in level are accompanied by relatively 
large differences in load. Longer time fluctuations 
may be due to lack of macroscopic flatness or to 





Fic. 3. Wood’s metal sliding on Babbitt. (a) load, 400 ¢g; 
velocity, 0.025 cm/sec. (b) load, 400 g; velocities, 0.025 
and 0.060 cm/sec. (c) load, 450 g; velocity, 0.106 cm/sec. 
(d) load, 250 g; velocities, 0.025 and 0.060 cm/sec. (e) load, 
275 g; velocity, 0.106 cm/sec. Timing line frequency, 1 
cycle/sec. 
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variations in surface conditions, as very small 
quantities of contaminants have large effects 
upon the results obtained. 

For temperature measurements a constantan 
slider has usually been used in conjunction with a 
steel or brass plate. Electrical contact was made 
directly to the steel plate at low speeds and 
through a mercury cup at high velocities. The use 
of a return lead to the plate is necessary as 
fluctuating voltages are observed when the 
ground return is made through the gears and 
other elements of the machine. 

As the oscillograph elements which have high 
natural frequencies of vibration also have low 
sensitivities, it was necessary to amplify the 
thermal voltages before they could be recorded. 
For this purpose a d.c. amplifier J was con- 
structed." It consists essentially of two stages of 
amplification, using 1603 and 6SJ7 tubes, and an 
output stage of three twin-triode tubes in parallel 
for matching impedances. The maximum voltage 
amplification of the first two stages is about 5000, 
but because of the low resistance output the total 
gain is only about 200. 

In order to render small changes in contact 
resistance between the slider and moving surface 
as ineffective as possible, a high amplifier input 
resistance is desirable. On the other hand, when 
this resistance is high, difficulty may be experi- 
enced due to changes in contact resistance 
affecting the grid potential of the first tube. An 
input resistance of 5000 ohms has been found to 
be suitable. Precautions taken in this selection 
were largely unnecessary, however, as separate 
measurements indicate that the resistance be- 
tween slider and plate is never greater than a 
fraction of an ohm. 

Most d.c. amplifiers are subject to considerable 
drift unless special precautions are taken, and 
this one is no exception. Microphonics and 
various electrical disturbances proved to be 
troublesome at all times. Only by taking extreme 
care was it possible to reduce the objectionable 
features to the extent that they introduced no 
An 


undoubtedly be more stable, but the d.c. instru- 


serious difficulties. a.c. amplifier would 


13 We are indebted to Mr. Gary Muffly of this laboratory 
for the design of the amplifier. The method of coupling 
successive stages is due to Dr. W. M. Brubaker of the 
Westinghouse Research Laboratories. 
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ment possesses a fidelity of response at low fre- 
quencies that is rather difficult to obtain in an 
a.c. device. Moreover, the equipment chosen has 
the decided advantage in the present case, 
inasmuch as it will respond to a steady e.m.f. 
arising from a temperature that has reached an 
equilibrium value. This characteristic is of little 
importance at very low sliding speeds where the 
heat is dissipated during the slip time, but at high 
speeds an increased average temperature is to be 
expected and has actually been observed. 

The thermal e.m.f. vs. time curve may con- 
veniently be viewed and recorded simultaneously 
by using a cathode-ray oscilloscope in conjunction 
with the recording oscillograph element. As the 
sensitivity of the available cathode-ray tube with 
its built-in amplifier is about 30 r.m.s. millivolts 
per inch with no attenuation, pre-amplification 
must be provided. The voltage gain of 200, 
available through the d.c. amplifier, is quite 
sufficient to bring the generated e.m.f. within the 
range of the oscilloscope. The oscilloscope, to- 
gether with its amplifier, does, however, give an 
indication of an upper limit to the thermal 
voltage generated during the return of the slider 
toward its equilibrium position. The maximum 
value, as estimated in this way, is substantially in 
agreement with the value indicated by the 
recording oscillograph. 


EXPERIMENTAL RESULTS 


Photographs of typical traces for Wood’s metal 
sliding on Babbitt are shown in Figs. 3(a), (b), 
(c), (d), and (e). The loads were 400, 400, 450, 
250, and 275 grams, respectively. The velocity of 
the moving surface. was approximately 0.025 
cm/sec. for Fig. 3(a) and the portions of the film 
to the left of the arrows in Figs. 3(b) and 3(d), 
0.060 cm/sec. for the parts to the right of the 
arrows in Figs. 3(b) and 3(d), and 0.106 cm/sec. 
for Figs. 3(c) and 3(e). Reference marks in all 
cases had a frequency of one cycle per second, but 
the camera speed was varied as indicated by the 
spacing of the lines. 

The position of zero force on the slider is indi- 
cated by the short horizontal line at the left of 
each figure. 

In each case, if the slope of the straight portion 
of the stick line is compared with the table speed, 
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it is found that the slider was pulled along with 
the moving surface until the restoring force of the 
spring became sufficient to pull it back. A very 
rapid slip then occurred, to be followed by the 
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Fic. 4. Constantan sliding on brass. (a) load, 525 g; 
velocity, 0.025 cm/sec. (b) load, 375 g; velocities, 0.025 
and 0.060 cm/sec. Timing line frequency, 1 cycle/sec. 


slider again adhering to the table. The change in 
slope in Figs. 3(b) and 3(d) is in good agreement 
with the change in speed of the moving plate. 
The first stick has been reproduced in Fig. 3(a) to 
show its resemblance to the others of that 
particular series. 

The coefficient of static friction, as determined 
by the average maximum displacement of the 
slider from its equilibrium position, was about 
0.8 in each of the first three examples. At smaller 
loads the curves show much the same charac- 
teristics, but for some materials the coefficient of 
static friction seems to depend to some extent 
upon the load. Thus, in the last two figures, where 
the load was smaller, the average value was about 
1.0. These numbers are not, in any sense, to be 
regarded as the ultimate values for Wood’s metal 
on Babbitt. The lack of uniformity in the 
maximum displacement of a given series is 
sufficient evidence of the importance of the role 
played by the surfaces themselves. Actually each 
stick and slip cycle may be regarded as a separate 
experiment in itself. 

Figures 4(a) and 4(b) show the results obtained 
for constantan sliding on yellow brass. The 
velocities were 0.025 cm/sec. in Fig. 4(a) and 
0.025 and 0.060 cm/sec. in Fig. 4(b). The loads 
were 525 and 375 grams, and the coefficient of 
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friction about 0.7. The frequency of the timing 
lines was again one cycle per second. 

Figure 5 is for constantan sliding on steel. The 
load was approximately 625 grams and the 


ee 


Fic. 5. Constantan sliding on steel. Load, 625 g; velocity, 
0.025 cm/sec. Timing line frequency, 1 cycle/sec. 





coefficient of static friction about 0.6. The short 
slip, which occurred during the first period, is an 
example of an irregularity that has been found to 
occur much more frequently when both surfaces 
are hard materials than when either component 
is a soft metal. Differences in the type of sliding 
are undoubtedly responsible for the changes 
observed. The softer metals flatten out more 
when under load and consequently make more 
intimate and regular contact. The short slips in 
Fig. 4(b) seem to contradict these observations, 
but sliding of the type shown in Fig. 4(a) is more 
typical of the behavior of brass with other 
metals in general. 
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Fic. 6. Motion picture frames showing motion of slider an 
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The bottom line in Figs. 4(a), 4(b) and 5 shows 
the variation of the temperature of the sliding 
junction. Temperature jumps or flashes occur 
only during relative motion, as may be expected, 
and the upper limit of the indicated value for the 
examples shown here is about thirty degrees 
centigrade above the surrounding temperature. 
The magnitude of the observed temperature rise 
has been found to depend upon the metals 
comprising the junction, the load, the velocity 
of the table, and the of the 
friction-measuring element. However, in none of 
these experiments at low table velocity has a 
temperature flash of than 50 degrees 
centigrade above ambient been observed. High 
temperatures are, of course, produced even at 
moderate loads when the velocity of the moving 
surface becomes so large that the heat generated 
during relative motion cannot be removed as fast 
as it is generated. 
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Experiments made with steel sliding on steel 
and with steel on nickel are convincing evidence 
that the voltages produced are actually due to 
thermal at the sliding junction. No 
galvanometer deflections were observed with the 


effects 
like metals. Deflections produced when steel 


slides on nickel, however, have been found to be 
opposite in direction from those for constantan on 
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d table. Double exposures of first and last frames show slider 
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positions before and after slip. Materials: steel on Babbitt. 


~ 
uw 


JOURNAL OF APPLIED PHYSICS 





vs 
Ig 


CT — F= 





steel. This behavior is in accord with the fact that 
constantan is negative with respect to steel, 
whereas steel is positive with respect to nickel. 

Conductivity measurements, which have been 
made of the sliding contact during motion, show 
that the resistance between the plates and slider 
is always much less than one ohm. As the input 
resistance of the amplifier has invariably been 
very much greater than this value, it is evident 
that small variations in contact resistance will 
have practically no effect on the indicated 
temperatures. Bowden and Tabor™ had previ- 
ously arrived at the same conclusion as the result 
of a more detailed study. It may be noted that 
these and similar conductivity observations serve 
to show that the slider does not leave the table 
during the slip phase but remains in contact 
with it at all times. 

Drift of the amplifier was unusually large in 
Fig. 4(b). The sharp drop in the temperature line 
at the left of the figure accompanied a resetting of 
the zero line. 

As measurements of the velocity of the moving 
surface, the slope of the line on the moving film, 
and the ratio of light beam deflection to slider 
deflection involve quantities that are somewhat 
difficult to obtain with precision, motion pictures 
have been taken of the sliding process in order to 
determine whether or not the slider and driven 
member actually move together during the stick 
period. To do this, millimeter scales were 
mounted on the slider and table in such a manner 
as to eliminate parallax and pictures of approxi- 
mately actual size were taken. The amount of 
relative motion or slip could then be measured 
with a comparator. Figure 6 shows three sections 
taken at the beginning, middle, and end of the 62 
frames obtained during a single stick period for 
steel sliding on Babbitt. A slip-back occurred 
during the exposure time of the first and last 
frames. Measurements have shown that in this 
case the distance moved by the slider cannot 
differ from the distance moved by the plate by as 
much as one percent. 

In Figs. 3, 4 and 5 the velocity of the moving 
film was always very small with the result that the 
backward motion of the slider, if recorded at all, 


4F. P. Bowden and D. Tabor, Proc. Roy. Soc. A169, 
391 (1939). 
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appears to be practically instantaneous. As an 
insight into the behavior of the coefficient of 
kinetic friction as a function of velocity can be 
obtained in these experiments only by an analysis 
of this portion of the cycle, it obviously was 
necessary to modify the experimental technique 
so as to obtain good traces of the slip even at the 
expense of the stick line. A stretched-out slip 
curve for Wood’s metal sliding on Babbitt is 
shown in Fig. 7. The load in this case was 250 





Fic. 7. High speed slip trace for Wood’s metal sliding no 
Babbitt. Timing frequency, 2000 cycles/sec. 
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Fic. 8. High speed slip trace for constantan sliding on steel. 
Timing frequency, 2000 cycles/sec. 


grams; the timing line frequency was 2000 
cycles/sec. The coefficient of static friction, again 
determined just before the slider began to slip, 
was slightly greater than unity. A rather low 
coefficient of kinetic friction is indicated by the 
fact that the slider passed through its position of 
equilibrium before coming to rest. This criterion 
alone is not enough to determine the kinetic 
friction, however, as the initial stick displace- 
ment, the moment of inertia of the moving 
system, and the amount of damping must be 
taken into consideration. Figure 8 shows a similar 
trace for constantan sliding on steel. In this case 
the slider did not return to its neutral position 
before sticking. The coefficient of static friction 
was lower than for Wood's metal on Babbitt, but 
the average coefficient of kinetic friction was 
undoubtedly greater than for the other metals 
because the slider was picked up again by the 
moving plate before reaching its position of 
equilibrium. 
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DIsCcUSSION 


Asa result of the observations and experiments 
to which references have already been made,!? 
Bowden and Leben concluded that ‘‘discon- 
tinuities in motion are inherent in the sliding of 
metals,”’ that “kinetic friction may, with im- 
portant reservations, be regarded as a series of 
static frictions.’’ They further state, in regard to 
their apparatus, ‘‘It is clear that a system of this 
type is capable of recording any changes in ‘the 
tangential force between the surfaces provided 
that the frequency of these changes is not greater 
than the natural frequency of the measuring 
system.” 

While Bowden and Leben adopted the pro- 
cedure which may have appeared to be necessary 
in order accurately to follow rapidly fluctuating 
quantities, it is apparent that they neglected to 
consider the dynamics of their measuring system.* 

They have proposed a new theory to replace 
the ‘classical laws’ of friction according to 
which, for unlubricated surfaces, kinetic friction 
is less than static friction. To test this new theory, 
however, they have constructed apparatus which 
should perhaps serve better to examine the old. 
For on the basis of the customary concepts of 
static and kinetic friction the motion of the slider 
should be somewhat as follows. First, the slider 
moves along with the plate and at the same 
velocity. This will be the situation immediately 
after the plate first begins to move or just after a 
slip has taken place and the slider has again 
attained the velocity of the moving surface. 
During this part of the cycle there is no relative 
motion as the force of static friction exceeds the 
restoring force of the spring. Second, the re- 
storing force of the spring exceeds the force of 
static friction and sliding begins. After this a 
knowledge of the shape of the friction-velocity 
curve is required if the resulting motion is to be 


* As already indicated in the introduction, this observa- 
tion is not new (references 6, 9, 11). Kaidanovsky and 
Haykin discussed the case in which friction decreases with 
velocity, while Blok assumed a constant coefficient of 
kinetic friction which was always less than that for static 
friction. 
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predicted. Such curves are not yet available." 
However, depending on the nature of this varia- 
tion and the dynamical constants of the appa- 
ratus, the slider may swing back past the kinetic 
friction vs. restoring force equilibrium and return 
with a velocity equal to the table speed and be 
picked up again for another stick cycle, or it may 
slide back aperiodically to a constant kinetic 
friction equilibrium displacement. 

It appears, therefore, that Bowden and Leben 
have ascribed properties to kinetic friction that in 
reality belong to their particular apparatus. The 
temperature flashes which occur only during the 
slip are to be expected and are due to dissipation 
of energy at this time. Melting temperatures are 
ordinarily not reached although they may readily 
be attained if the rate of generation of heat is 
large due to high speeds or high loads, if the 
melting point of one of the metals is very low, or 
if heat cannot be conducted away as fast as it is 
generated. Nor is melting necessary to establish 
the stick-slip behavior. This is evident from the 
fact that the slider sticks to the moving plate in 
the beginning, that is, before the very first slip 
occurs and consequently before any temperature 
flash takes place. 

Finally, it should be noted that all the results 
reported in this paper refer to the sliding of 
unlubricated surfaces. Experiments are in pro- 
gress for the study of lubricated surfaces by the 
present method and apparatus. Results of these 
investigations, together with those on the analysis 
of the slip process will be described in a forth- 
coming paper. 

The authors are indebted to Dr. P. D. Foote, 
executive vice president of the Gulf Research & 
Development Company for permission to publish 
this paper. 





% A number of experimenters have presented evidence 
that friction may vary with velocity other than in the 
normally accepted manner. Thus Claypoole (‘‘Lubrication” 
(Texas Co. Bulletin) 24, 144 (1938)) has observed that with 
some oiliness agents in conjunction with particular metals 
friction before sliding begins is less than during motion. 
W. G. Beare and F. P. Bowden (Phil. Trans. Roy. Soc. 
A234, 329 (1935)) have suggested that some of their 
experiments may indicate an increase of the coefficient of 
kinetic friction with a decrease in velocity. 
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Taylor and Doran have found that in stabilized glasses 
the total elastic adjustment under a given load may be 
represented as the sum of several terms of the type /=/e**, 
and have drawn the conclusion that there are several sizes 
of complex silicate ions in glass which respond inde- 
pendently and with different rates to applied stress. 

Hopkinson proposed that there are several independent 
“elements” responding to the application of an electric field 
to a glass condenser, and von Schweidler showed that the 
anomalous charging current accompanying dielectric 
polarization is the sum of several terms of the type i= Ae~"'7. 
This expression is identical in form with that for elastic 


INTRODUCTION 


UR knowledge of the ionic and molecular 

structures of silicate glasses has been well 
established as a result of x-ray diffraction studies 
of simple glass compositions and of silicate 
minerals. According to W. L. Bragg! the unit of 
structure in crystalline silicates is the SiO, 
tetrahedron in which each Si atom is surrounded 
by 4 O atoms and held to them by a very strong 
bond, partly ionic and partly covalent. The 
whole unit would, if isolated, carry 4 negative 
charges, but in a crystal these charges are 
neutralized either by cations such as Fe**, 
Mgt*, Nat, Al***+, or by sharing of common 
oxygen corners between adjacent tetrahedra so 
that the over-all atomic ratio Si/O is increased. 
The ratio Si/O determines the extent of sharing 
of tetrahedral corners. Thus when Si/O =}, con- 
tinuous chains or rings are formed; when Si/O 
=1/2.5, sheet structures such as the micas are 
produced; and when Si/O=3, a 3-dimensional 
network such as that of quartz or tridymite is 
formed. 

Crystals are characterized by a repeating 
pattern of atomic packing so that when the unit 
cell is fully described the internal geometry of 
the whole crystal is understood. On the other 
hand, the glassy or vitreous condition is charac- 
terized by a random, non-repeating network. 
Nevertheless, silicate glasses do have regularity 


'W. L. Bragg, Atomic Structure of Minerals (Cornell 
University Press, Ithaca, New York, 1937). 


VOLUME 12, OCTOBER, 1941 


polarization if the rate constant k is replaced by a charac- 
teristic relaxation time constant 1/7. The dielectric 
phenomena thus appear to support the concept of inde- 
pendently acting ions in glass. This idea is in harmony with 
the x-ray evidence of a random ionic network, and with 
other physico-chemical evidence. 

An interpretation of memory phenomena such as 
reversal effects in glass and: rubber has been offered. Such 
reversals appear to be due to the superposition of two or 
more independent operations with different rate constants 
and directions. 


in the sense that the SiO, tetrahedron is again a 
recognizable feature, as shown by x-ray exami- 
nation.” These tetrahedra, in glass, are connected 
either firmly by sharing of common oxygen 
corners or more loosely by linkage through large 
cations which are usually of low valence. While 
in silicate crystals the distance between a given 
Si atom and its nearest or next nearest Si 
neighbor is a constant, in glass this distance may 
have any value, within limits, the value de- 
pending on the position in space which one SiO, 
tetrahedron may chance to have with respect to 
another tetrahedron. The consequence of this is 
that the glass may be looked on as a collection of 
relatively stable ion clusters or “molecules” of 
various sizes consisting essentially of groups of 
SiO, tetrahedra rather firmly linked as rings, 
chains, sheets, or 3-dimensional networks, which 
may temporarily break away from the rest of the 
mass by dissociation or rupture of the weaker 
ionic bonds Nat—O-, K+ —O™, Ca**+—O%, ete. 
Such rupture is known to occur during viscous 
flow or during elastic deformation. These various 
“molecules” or ionic units will respond to ex- 
ternal forces such as tension or electric fields 
with varying speeds, depending on their size and 
shape and on the strength and number of the 
bonds which hold them in place. Kinetic phe- 
nomena such as the elastic response or the di- 
electric absorption should, therefore, be described 


2 B. E. Warren, ‘‘X-ray determination of the structure of 
liquids and glass,” J. App. Phys. 8, 645-654 (1937). 
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by a summation of terms in which each molecule 
has its characteristic constants. 

The purpose of the present paper is to present a 
quantitative treatment of elastic aftereffects and 
of dielectric absorption in silicate glasses and to 
show that the experimental data are in complete 
harmony with the structure of glass described 
above. The theory would appear to be applicable 
to any highly viscous system where both strong 
and weak bonds are present. Incidentally, a 
simple explanation is found for some peculiar 
““memory”’ 
exhibit. P 

It is of interest that some of the leading 
physicists of the eighteenth and nineteenth 
century, notably Benjamin Franklin, 1748, 
Wilhelm Weber, 1835, H. Kohlrausch and L. 
Boltzmann, 1876, and John Hopkinson, 1876-97, 
have studied these aftereffects. A satisfactory 
interpretation could not be forthcoming, how- 
ever, until more was known of the molecular 
structure of glasses and liquids. 


effects which glass and rubber can 


DELAYED ELASTIC EFFECTS* 


It has been shown by Taylor and Doran‘ that 
the elastic elongation of a glass rod or fiber under 
a constant tension may be represented quanti- 
tatively by the expression 


E,=I(i1—exp [—k’’t]) +1o’(1 —exp [—’t)) 
+1(1—exp [—kt]}), (1) 


7W. Kuhn [Elasticity and viscosity of high polymers,”’ 
Zeits. f. angew. Chem. 52, 289-301 (1939) ] has developed 
a theory of elasticity and viscosity which is similar in some 
respects to that of the writer. Proceeding in a more or less 
formal way he generalizes Maxwell’s equation to express 
Young’s modulus of elasticity as the sum of a series of 
terms each of which has the form E= Ege" in which Eo 
is the modulus at t=0, and d is the characteristic relaxation 
time for the process of elastic adjustment. Kuhn points 
out that each term corresponds to a given type of molecular 
binding (Zusammenhaltsmechanism), and that the magni- 
tude of the various \ values, and to a much less degree 
the E> values, determine whether the material will have 
properties like rubber, steel, glass, etc. 

.A. Smekal [‘‘The complexity of the freezing (or setting) 
process in silicate glasses,” Zeits. f. physik. Chemie B48, 
114-118 (1940) ] has proposed a similar theory in connec- 
tion with his work on the strength of glass. He has used 
data by Taylor and Dear (reference 4) to demonstrate 
the existence of at least two stages or mechanisms of elastic 
adjustment and viscous flow in silicate glasses, and to 
compute the constants characteristic of each stage. 

* Nelson W. Taylor and Robert F. Doran, ‘‘The elastic 
and viscous properties of several potash-silica glasses in 
the annealing range of temperature,’”’ J. Am. Ceram. Soc. 
24, 103-109 (1941). Cf. also thesis for M.S. degree of 
R. F. Doran, The Pennsylvania State College, January, 
1939. 
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where £; is the elastic elongation at time ¢, J, 1)’ 
and /) are constants having the dimension of 
length, k’’, k’, and k are characteristic rate 
constants, and exp (e) is the base of natural 
logarithms. Figure 1 shows a plot of FE, vs. t 
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Fic. 1. Elastic 
elongation as a 
function of time. 
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Fic. 2. Available elastic FIG. 3. Anomalous 


elongation in glasses as a 
function of time. 


charging current in glass 
dielectrics as a function of 
time. 


corresponding to Eq. (1). 
rearranged in the form 


(I exp (—k”’t) +l)’ exp (—k’t) +1 exp (— kt) | 
=(I+h'’ +h ]—E, 


=constant — F;. (2) 


This expression may be 


If the rate constants k’’, k’, and k are replaced 
by 1/7”, 1/7’, and 1/7, respectively, where 7”, 
T’, and T are corresponding elastic relaxation 
times, Eq. (2) may be written 


[I exp (—t/T”) +o’ exp (—t/T’) +hoexp (—t/T) J 


=constant—F,. (3) 


The expression in brackets may be called the 
available elastic elongation AEE at time /. A 
typical plot of AEE vs. t is shown in Fig. 2. 

The summation of terms in Eg. (3) is a 
consequence of the postulate that when a piece of 
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glass is stretched the different molecular groups 
in a glass turn individually in such a way as to 
tend to become aligned with their longest axes 
parallel to the direction of stretch, and that each 
kind of group or cluster has its characteristic rate 
or relaxation time for a given temperature. This 
theory has been developed on the basis of 
experimental data obtained by the writer and his 
students on the elastic behavior in the annealing 
range of stabilized soda-silica, soda-lime-silica 
and potash-silica glasses.5 


DIELECTRIC ABSORPTION 


While preparing material, this past semester, 
for a graduate seminar on the electrical properties 
of ceramic materials, the writer ran across a 
stimulating paper by Murphy and Lowry® on 
dielectric absorption, and found there some 
statements that appeared to relate this phe- 
nomenon very intimately with the delayed elastic 
effects. 

When an electric charge is placed upon a piece 
of glass between condenser plates, the charging 
current, large at first, decays with time according 
to the empirical expression 1=Af-" where n is 
not an integer and also is not constant for small 
values of ¢. This current-time relationship, ac- 
cording to von Schweidler’ may be better ex- 
pressed as 


A, exp (—t/T1)+A:2 exp (—t/T>2) 
+---An_1exp (—t/T,_-1) 
+A,exp (—t/T,)=1, (4) 


where A, Ao, An-1, An are constants having the 
dimensions of current, ¢ is time, 71, T2, Tn—1, Tn, 
are characteristic relaxation times of dipoles, and 
e is the base of natural logarithms. 

It is noteworthy that the left-hand members of 
k-qs. (3) and (4) have exactly the same form and 


®> Nelson W. Taylor, Edward P. McNamara and Jack 
Sherman, ‘‘A study of the elastico-viscous properties of a 
soda-lime-silica glass at temperatures near the ‘‘transfor- 
mation point,’’ J. Soc. Glass Tech. 21, 61-81 (1937). 
Nelson W. Taylor and Paul S. Dear, ‘‘Elastic and viscous 
properties of several soda-silica glasses in the annealing 
range of temperature,” J. Am. Ceram. Soc. 20, 296 (1937). 
Nelson W. Taylor and Robert F. Doran (reference 4). 

® Edward J. Murphy and H. H. Lowry, ‘‘The complex 
nature of dielectric absorption and dielectric loss,”’ J. Phys. 
Chem. 34, 598-620 (1930). 

_'E. von Schweidler, ‘Studien iiber die Anomalien im 
Verhalten der Dielektrika,” Ann. d. Physik 24, 711 (1907). 
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that Figs. 2 and 3 are similar. In Eq. (4) and 
Fig. 3, the true conduction current has been 
subtracted, so that 7 becomes zero when f¢ is 
large, just as the available elastic elongation 
becomes zero for large value of t. 

The theory advanced by Hopkinson and later 
put into quantitative form by von Schweidler is 
that a number of charged elements contribute 
independently to the anomalous current, accord- 
ing to an expression of the form i=const. e~‘/7, 
where 7 is a time constant, each element having a 
different time constant. The summation of the 
currents due to a sufficient number of elements of 
this kind can represent the observed results 
when the constants are properly chosen. 

The characteristic rate constants or relaxation 
times for the various kinds of molecular dipoles 
are probably determined by the activation 
energies governing the orientation process. 
Murphy and Lowry have suggested that ions are 
adsorbed on materials like cotton and crystalline 
dielectrics. These ions are held with a wide range 
of strengths on the inner surfaces or in the 
Smekal imperfections, and the relaxation time of 
the ions increases with the strength, i.e., the 
activation energy of the adsorption. While this 
theory may indeed be applicable to glass in which 
“‘lockerstellen”’ or Smekal cracks are present, the 
writer feels that the ‘random ionic network’’’ of 
silicate glasses offers a sufficiently wide range of 
interatomic distances, coordination numbers and 
electric charge concentrations to meet the needs 
of the theory. In other words, it does not 
necessarily depend on imperfections or on surface 
properties, but is inherent in the random network 
itself. 


THE PRINCIPLE OF SUPERPOSITION 
““MemMorRY” EFFECTS 


“Hopkinson? found that, if a condenser which 
absorbs a residual charge is charged for some 
time and then the sign of the e.m.f. is reversed 
for a shorter time,’ the first part of the discharge 
current corresponds in direction to the last charge 
imposed on the condenser but the direction of the 
discharge becomes reversed at a later stage of the 

8 B. E. Warren and J. Biscoe, ‘‘Fourier analysis of x-ray 
patterns of soda-silica glass,” J. Am. Ceram. Soc. 21, 


259-265 (1938). 


® Quoted from Murphy and Lowry (reference 6). 
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discharge and corresponds in direction to the first 
charge.’’ This phenomenon is illustrated in Fig. 4 
taken from Guyer.'® 

Lord Kelvin is said to have remarked, ‘‘The 
charges come out of the glass in the inverse order 
in which they go in,” while Hopkinson has 
stated, “‘It seems safe to infer that the effects on a 
dielectric of past and present electric forces are 
The explanation offered by 
Murphy and Lowry is that ‘‘the first part of the 
discharge current is due to layers of ions of small 
relaxation time, the second to layers of larger 
relaxation time for which the ionic distribution 
corresponding to the first charge was not com- 
pletely effaced by the second charging.” 

The writer presents curve 1 of Fig. 5 to show 
the result obtained by addition (or rather sub- 
traction) of two simple exponential curves 2 and 3 
where the former has a relaxation time roughly 
one-tenth of the latter. The reversal in direction 
of current flow is clearly shown by curve 1. 


superposable.”’ 


current 
current 











Fic. 4. Reversal in the 
discharge current from a 
glass condenser. 


Fic. 5. Reversal in the 
discharge current, curve 1, 
shown as the result of two 
simple discharge curves, 2 
and 3, with different re- 
laxation times. 


In dealing with these dielectric effects in glass 
it does not appear to be necessary to use the 
concept of adsorbed ions, but rather that of 
weakly or strongly bonded ion clusters in the 
random network which constitutes the glass. In 
such a random structure there are small and 
large ‘‘molecules,” these being complex silicon- 
oxygen groups which are separated from other 


“Cf. J. T. Littleton and G. W. Morey, Electrical 
Properties of Glass (John Wiley and Sons, Inc., New York 
1933). Fig. 32, p. 100. 
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such groups by weak bonds such as Na+—O>. 
Under the influence of an external orienting force 


the smaller ‘‘molecules’” would respond more 
quickly than the larger, presumably because they 
would have fewer bonds to break as they turn 
towards the direction of the applied field. 

\n exactly analogous elastic reversal has been 
observed in rubber'! in an experiment performed 
by H. Kohlrausch in 1876 (see Fig. 6). Quoting 
from Houwink, “A rubber thread, Fig. 6, is 
twisted 2360° to the right and held in that 
position for 18 hours (a). It is then released and 
twisted 45° beyond the position of equilibrium 
to the left and held so for 30 seconds (b). An 
elastic aftereffect is observed first from (b) past 
the equilibrium to (c), for example, then the 
direction of the aftereffect is changed and the 
thread twists to the left until a final position at 
(d) is reached. The behavior of the thread does 
indeed give the impression that it possesses a 
‘memory.’ This behavior again illustrates the 
intimate relation which exists between the elastic 
and dielectric effects. Glass, at a suitable temper- 
ature, will undoubtedly show analogous elastic 
reversals. 

A simple hydrostatic model illustrating a 
reversal may be described. In Fig. 7, the central 
tube is connected to tube A by a capillary S 
through which a liquid can flow only slowly, and 
is connected to tube B by a large tube R through 
which flow is rapid. If a suitable volume of liquid 
is admitted slowly into the system through the 
opening O, the level indicated in the central tube 
will rise from 1 to 2. If, now, the same quantity 
of liquid is withdrawn rapidly from O, the liquid 
level in the central tube will fall first to 3 and 
then will reverse its direction and rise again to 
the original level. This analogy shows how a 
slowly and a rapidly operating mechanism can 
combine to produce reversals in physical be- 
havior which, on first examination, would appear 
to be anomalous. 


DISCUSSION 


It should be mentioned that the anomalous 
electrical charging currents have, as a rule, been 
measured on glass at room temperature,'® while 


11 R. Houwink, Elasticity, Plasticity and Structure of 
Matter (Cambridge University Press, 1937), pp. 185, 186. 
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the delayed elastic effects have been observed on 
glasses in the annealing range, e.g., 425°C. At 
these elevated temperatures elastic relaxation 
times ranging from 1 to 100 minutes were 
observed. At room temperature the corresponding 
times would, of course, be very much longer since 
itis found that the relaxation time is a logarithmic 
function of the reciprocal absolute temperature. 
These extrapolated times, therefore, are much 
larger than those observed for the anomalous 
charging currents. The explanation probably lies 
in that the measured electrical effects may 
correspond to smaller or more rapidly reacting 
molecules or dipoles than do the measured elastic 
effects. The difference is one merely of degree 
rather than of principle, and does not invalidate 
the essential harmony of the two effects, since 
dipoles or other polarized aggregates of a very 
wide range of sizes may be present in glass. In 
fact, elastic aftereffects have been observed in 
glass at room temperature” and are responsible 
for the well-known “‘secular rise of the zero-point 
of thermometers,’’ an effect which is minimized 
by suitable choice of glass composition but 
appears to be characteristic of all glasses. 

The intimate relation between the delayed 
elastic effect and the anomalous charging current 
in glass becomes evident when it is recalled that 
dipoles or other unsymmetrical charge distri- 
butions are, as a rule, associated with molecules 
or ions of non-spherical shape, whether of organic 
or inorganic nature. The application of an 
electric field will, therefore, tend to displace the 
electric charges so as to align the dipoles parallel 
to the field direction. The rate of charge displace- 
ment, which is the current, is greatest at first and 
falls as the dipoles become oriented. Similarly, 
the application of tension to a glass rod will 
orient these molecules or ions so that their long 
axes tend to become aligned parallel to the 
direction of tension. The rate of elongation due to 
this orientation is greatest at first, and falls as the 
orientation approaches completion. Stretching a 
glass rod or fiber will not produce electrical 
polarization of the whole piece because of internal 
compensation between dipoles, but the reverse 
phenomenon, a kind of Kerr effect, might take 
place. 


2G. W. Morey, Properties of Glass (Reinhold Publishing 
Corp., New York, 1938), pp. 316-319. 
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The delayed elastic elongation has been found 
to be exactly reversible with the same charac- 
teristic rate constants for stretch and recovery. 


JESS, 








Fic. 6. Elastic reversal Fic. 7. Hydrostatic 
bed in a soft rubber rod. model showing a reversal 
Axis of rod normal to _ effect. 
page. 


The anomalous charge current and discharge 
current are also equal provided correction is 
made for the true d.c. conduction current. These 
statements apply to stabilized glasses, i.e., to 
those in equilibrium with respect to molecular 
dissociation and association processes, and would 
apply to non-stabilized glass which is so cold or so 
rigid that such processes do not occur with 
measurable rates. The elastic behavior of non- 
stabilized glasses in the annealing range is more 
complex since molecular association is taking 
place at those temperatures. This behavior is 
described in part by the Adams-Williamson"™ 
equation for release of strain. Studies of the 
dielectric behavior of glasses in the annealing 
range of temperature would be of considerable 
interest and practical importance. 


FURTHER ANALOGIES BETWEEN ELECTRICAL AND 
MECHANICAL PROPERTIES 


When stabilized glasses are subjected to longi- 
tudinal tension at constant temperature, the 
elongation is due to the following elastico-viscous 
effects: (1) apparently instantaneous, or very 
rapid, elastic distortion, (2) delayed elastic 
distortion, and (3) pure viscous flow. The second 
effect has been discussed in detail, in its relation 
to the anomalous charging currents characteristic 
of dielectric absorption. The electric analogy of 
pure viscous flow is direct-current conductivity" 





183.N.W. Taylor, ‘The law of annealing of glass: Quanti- 
tative treatment and molecular interpretation,” J. Am. 
Ceram. Soc. 21, 85-89 (1938). 

14 Nelson W. Taylor, ‘‘Viscosity and electrical resistivity 
and their bearing on the nature of glass,’ J. Am. Ceram. 
Soc. 22, 1-8 (1939). 
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and the electrical analogy of the instantaneous 
or very rapid distortion is the electrical polar- 
ization corresponding to the optical part of the 
dielectric constant, which of course, is determined 
by the refractive index.'® 

Another point of similarity concerns Young's 
modulus and its electrical analog. The writer and 
his co-workers have shown‘ that the ratio 
stress/strain, or load/elongation is practically 
constant and independent of temperature for a 
given glass, when the total elastic elongation 
(instantaneous plus delayed) is used in the 
calculation. Similarly, the static dielectric con- 
stant (zero frequency) of any rigid dielectric, 
such as a glass, varies only slightly with tempera- 
ture. Such variation as does occur appears to be 
due to the Debye inverse temperature relation, 
i.e., thermal molecular vibrations oppose the 
orienting tendency of the electric field. This 
factor would probably also affect the amount of 
orientation of non-spherical molecules produced 
by an external load, and would, therefore, have 
a small influence on Young’s modulus. The 
explanation for this approximate temperature 
independence of both the electric and mechanical 
effects appears to be that if we allow sufficient 
time for dipole or molecular orientation we should 
always expect the same amount of orientation for 
a given electric field or a given external load. In 
this connection it is worth mentioning that only a 
small fraction of the total number of dipoles, or 
molecules, have to be oriented. Debye'® states 
that the dielectric properties of ice crystals can be 
explained by assuming that only one dipole in 
five million is perfectly oriented parallel to the 
field, or that all the dipoles are turned an 
extremely small amount. An effect of this 
magnitude in glass seems entirely reasonable, 
without doing violence to our concepts of ionic 
-bond strengths. 


4% P. Debye, Polar Molecules (Chemical Catalog Co., 
New York, 1929), pp. 42, 43. 
‘6 P, Debye, reference 15, p. 106. 








SUMMARY 





Elastic and electrical polarization effects are 
time functions in glasses or other very viscous 
liquids. The intimate relation between these 
phenomena is shown in part as follows: 





Elastic effects 


Maxwell's law for elastic adjustment, —dl/di 
=kl, in its integrated form is ]=I] e—**. 

Taylor and Doran have found that in stabilized 
glasses the total elastic adjustment under a given 
load is the sum of several terms of the type 
L=Ige—**. 


Dielectric effects 


Hopkinson proposed that there are several 
independent elements responding to the appli- 
cation of an electric field to a glass condenser, and 
von Schweidler showed that the anomalous 
charging current accompanying dielectric polari- 
zation is the sum of several terms of the type 
t= Ae-“'T, This expression is identical in form to 
that for the elastic polarization if the rate 
constant k is replaced by the time constant 1/T. 


““Memory” phenomena 


Memory phenomena, such as reversal effects, 
in glass, rubber, and similar substances appear to 
be due to the superposition of two or more 
independent operations with different rate con- 
stants and directions. 


Structure of glass 


The elastic and the dielectric evidence lend 
strong support to the concept that there are 
several sizes of complex silicate ions in glass, and 
that these various ionic units respond inde- 
pendently and with different rates to applied 
stress. This idea is in harmony with other 
physico-chemical evidence and with the x-ray 
evidence of a random ionic network. 
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Determination of Object Thickness in Electron Microscopy 


L. Marton, The Harrison M. Randall Laboratory of Physics, University of Michigan, Ann Arbor, Michigan* 


AND 


L. I. ScnirF, Randal Morgan Laboratory of Physics, University of Pennsylvania, Philadelphia, Pennsylvania 
(Received June 9, 1941) 


It is proposed that the thicknesses of electron microscope objects be determined by measuring 
the diminution in intensity of the electron beam caused by the object. Since this method would 
only be applied to specimens so thin that multiple scattering can be neglected, one need know 
only the total cross section for single scattering of electrons outside the aperture angle of the 
electron microscope objective. These cross sections are calculated for fast electrons (energies 
greater than 10,000 ev) by means of the Born approximation for several cases of practical 
interest, and the results are applied to some experimental observations. 


I. INTRODUCTION 


HE usual information one can gather about 

the size and shape of an object by means 
of an electron microscope concerns the dimensions 
perpendicular to the optical axis. The deter- 
mination of the third dimension by means of 
differential focusing, used in light microscopy, 
cannot be applied because of the very great 
depth of focus of the electron microscope. For 
practical reasons, rotation of the specimen in 
front of the objective lens cannot generally be 
realized. In the absence of a specimen with a 
homogeneous size distribution and random 
orientation, indirect methods are used for the 
determination of the third dimension. Through- 
out this paper we shall call this third dimension 
parallel to the optical axis the thickness of the 
specimen. Our purpose is to review the existing 
methods for its determination and to propose a 
new one. 

Some time ago one of us called attention to the 
use of accidental curling of a broken collodion 
film for the determination of particle thickness.! 
Figure 1 is a micrograph of such a curled film 
with some bacteria shown in profile on its edge. 
This most direct method is limited however to 
relatively thick specimens and—since such 
lucky accidents cannot always be reproduced— 
to specimens which can be easily placed at an 
orientation convenient for such observation. 

A second method is the stereoscopic one. By 
taking stereomicrographs at known viewing 


* Now at Stanford University, California. 
'See T. H. Osgood, J. App. Phys. 12, 96 (1941). 
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angles, not only the relative distances of different 
parts of the specimen in the direction of the 
optical axis can be measured, but in some cases 
the thickness too (Fig. 2).2 As with the first 
method, its application is limited to relatively 
thick specimens. 

The third method which we propose is to 
compute the thickness from the measured in- 





Fic. 1. Whooping cough bacteria on the edge of a curled-up 
collodium film. 





2 This micrograph was taken by keeping the object 
stationary and changing the angle of incidence of the con- 
denser beam, instead of the usual method of tilting the 
specimen. This could be done because of the relatively large 
apertures of the electron microscope used for taking these 
pictures (see also L. Marton, Phys. Rev. 58, 57 (1940)) and 
because the image quality is primarily defined by the solid 
angle of the incident (condenser) beam and not by the 
actual size of the objective aperture (due to the pre- 
dominance of large angles in the scattered beam). (See 
also v. Borries and Ruska, Zeits. f. tech. Physik 19, 404 
(1938).) For stereophotogrammetric measurements see 
W. Eitel and E. Gotthardt, Naturwiss. 28, 367 (1940); 
smallest measured thickness 200A, accuracy +50A. 
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tensity distribution of the electronic image. For 
this purpose let us consider specimens of such 
thickness that the image formation is due to 
single scattering alone.’ For a first approximation 
it may be assumed that the blackening of the 
photographic emulsion is proportional to the 
number of electrons reaching its surface. For a 
more complete determination, however, either a 
direct measure of the current in different portions 
of the image, or a quantitative study of the 
the (for instance, 
methods similar to those developed for photo- 


behavior of emulsion by 
graphic photometry by Ornstein and his col- 
laborators) may be necessary. Then, if fo is the 
transmission of the negative for a part of the 
image corresponding to the support, and ¢ the 
transmission corresponding to object and sup- 
port, the thickness x is given by 


x=(1/SN) In (to/t), (1) 


where N is the number of scattering atoms per 
cm’ = Nop/M, No is Avogadro’s number, p the 
density, / the atomic weight, and S is the total 
cross section for scattering outside the angle 
limited by the objective aperture. We shall 
always use In to indicate the natural logarithm. 


II. THEORY 


We wish to calculate the total cross section for 
scattering of an electron outside a small angle a, 
which is the half-angle of aperture of the objective 
lens of the electron microscope. There are three 
types of scattering that must be considered: 
élastic and inelastic scattering by the atom or 
ion, and scattering by the conduction (free) 
electrons in the case of a metal. The elastic 
scattering may be regarded as nuclear Ruther- 
ford scattering that is made finite at small angles 

_by the screening effect of the atomic electrons. 
Since the inner electrons are far more effective 
in screening the nucleus than the outer electrons, 
the exact configuration of the valence electrons 
has little effect on the cross section and we can 
use results based on isolated neutral atoms even 
though the atoms are collected together in a 
solid and may be ionized. 


3 In contrast to a former paper where an estimation of 
“depth resolving power”’ was given by considering multiple 
scattering alone [L. Marton, Physica 9, 959 (1936) ]. 
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The inelastic scattering, on the other hand, is 
accompanied by excitation or ionization of the 
atom and so depends markedly on the wave 
functions of the atomic electrons. As we shall 





Fic. 2. Stereomicrograph of sodium laurate curd fibers. 


see, the loosely bound outer electrons contribute 
most to this, so that calculations based on free 
atoms cannot be regarded as precisely applicable 
to a solid. We do, however, perform’ the cal- 
culations for free ions instead of atoms where 
metals or salts of the alkalis or halogens are 
involved. For organic compounds of H, C, N, 
O, P, and S,‘ and for ‘metallic’? Sb, in which 
cases definite ionic structures are not indicated, 
the best we can do is to calculate for free neutral 
atoms and assume that the scattering is additive. 
This is probably a fairly good assumption, since 
the energy and size of a valence electron state in 
a molecule are not very different from their 
values in a free atom. 

The free electron scattering, which, of course, 
appears only for metals, resembles the elastic 
scattering in that it the 
Rutherford formula. For moderate angles it is 
~v/Z* times the elastic scattering, where v is the 
number of free electrons per atom and Z is the 
atomic number, and is, therefore, negligible. It 
is, however, important at very small angles, 
since screening does not reduce it in the same 
way as the elastic scattering. 


is also given by 


Elastic scattering 


All calculations will be made for fast electrons 
with the help of the Born approximation (ener- 


~ 4B, Seitz, Modern Theory of Solids (McGraw-Hill, 1940), 
p. 72. 
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gies greater than 10,000 ev), and for small scat- 
tering angles 6. It is never necessary to consider 
large angle deflections, since these are relatively 
infrequent and contribute a negligible amount to 
the total cross section if a is small; we can always 
use the approximation: sin 60, cos 01. The 
differential cross section for elastic scattering 
between @ and 6@+d8@ is then given by the 
relativistic Rutherford formula :5 


do.=82(Ze?/mv*y)*d6/8, y= (1—v"/c*?)-3, (2) 


provided @ is larger than the ‘‘cut-off’’ angle 6, 
at which screening of the nucleus by the inner 
electrons plays an important role. Here, e, m, 
and v are the charge, rest mass and velocity of 
the incident electron. For 6<6,, the cross section 
is roughly constant and can be neglected. Using 
the Thomas-Fermi model and the Born approxi- 
mation, one obtains to good approximation: 


6,=Z'c/180vv. (3) 


For the lighter atoms, where the Thomas-Fermi 
model is not a good approximation, we use the 
numerical computations based on Hartree wave 
functions quoted by Mott and Massey ;* because 
the Born approximation is used here, 4; is still 
proportional to 1/vy, that is, to the reciprocal of 
the momentum. We thus obtain on integration 
of (2): 

o.=A(h/mv)*, a<6; 

o,=42(Ze*/mv*ya")*, a>; (4) 


where A is Planck’s constant divided by 27. Here 
A =22Z'*'* for all except the lightest atoms, and 
is given in Table I for several cases of practical 
interest. For most microscopes, a is less than @,. 


Inelastic scattering 


The inelastic scattering cannot be calculated 
as accurately as can the elastic scattering. We 
give formulas here which are certainly of the 
correct order of magnitude, and are probably no 
less accurate than the assumption that the atomic 
cross sections are additive in the solid state. It 
is fortunate that the most doubtful parameter of 
this calculation appears only inside a logarithm, 
so that the computed result is insensitive to its 
choice. 


5N. F. Mott and H. S. W. Massey, Theory of Atomic 
Collisions (Oxford, 1933), p. 88. 
® Reference 5, p. 124. 
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Mott and Massey’ give for the differential 
cross section for excitation of an atom: 


Z 
8x(e?/hv)?| 0 (xs)on|*d0/0, (5) 
s=1 


where we have kept only the dipole term and 


have replaced their matrix element xo, by 
Z 


> (x;)on for a many-electron atom. Equation (5) 


s=1 


is valid for angles in the range 02’ <<@<63', where:’ 
62’ =(E,—Eo)/mv*y?, 03’ =(2|Eo| /mv*y?); (6) 


E, is the energy of the atom in the state n and 
Ep is its energy in the ground state. Summing (5) 
over all excited states of the atom, we obtain: 


Z 
do; =8r(e*, ho)?(> Xs)? |ood 8/8, (7) 
s=1 


where the limiting angles (6) can be expressed 
approximately in terms of a mean excitation 
energy I of the atom: 


62=I/mv*y?, 63=(2I/mvy*)}. (8) 


Although the contribution to the scattering is 
negligible outside the limiting angles (8), the 


TABLE I. Parameters appearing in Eqs. (4), (8), and (10), 
A and B are dimensionless numbers, and I is given in ev. 


A B I A B I 


1H 7.3 13.3 13.5}17ClI- 930 76 £77 
2 He 10.6 88 38 |18A 875 55 110 
3 Lit 60 34 98 |19K* 1110 43 140 
6C 246 «35 44 |20Ca** 1200 33 180 
7N 229 +28 63 | 29Cut 1950 91 130 
80 209-23 83 | 35 Bro 2520 120 130 
9 F- 274 26 91 37Rb* 2700 88 170 
10 Ne 215 18 130 | 47 Ag* 3720 200 170 
11 Na* 316 13 180 |51Sb 4150 220 180 
13 Al***+ 547 7.5 300 |53I- 4370 180 150 
i5P 840 680 63 | 55Cs* 4600 120 230 
16S 846 70 74 


| 
| 


large angle deflections contribute a significant 
amount to the stopping power and have to be 
considered in calculating it. 

The matrix element in (7) is readily evaluated 
if one assumes that the ground state of the atom 
can be described by an antisymmetric product of 


7 Reference 5, Chapter XI, especially Eqs. (39), (38), 
(13), (7). The relativity modifications can be established 
by the method of impact parameters: E. J. Williams, Proc. 
Roy. Soc. A139, 163 (1933). 
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one-electron wave functions: 


Zz 
[CX xs)* Joo= DX (x?) i 
o=1 i 
— > !x;;|*=(B/44)(h?/me*)?, (9) 


where 7 and j represent occupied one-electron 
states of the atom. On integrating (7), we finally 
obtain for the total inelastic scattering cross 
section : 


o:=B(h/mv)* \|n (2/62), 
o:= B(h/mv)? In (262/a?), 


a< eo; 


O.<.a< 63. (10) 


for a>63; in 
practical cases, a is less than 63. The quantity B 
has been calculated using Slater wave functions,*® 


a; is negligible compared to a, 


and J has been estimated as the average binding 
energy of the individual electrons, weighted 
according to their contribution to B. The results 
are collected in Table I for several cases of prac- 
tical interest. The second part of (9), which 
subtracts out the contribution from forbidden 
transitions, is relatively unimportant, except 
within a shell of given total quantum number. 
The first part of (9) is just Z/3 times the mean 
square radius of the atom, and is thus a multiple 
of the diamagnetic susceptibility of the atom. 
Now it has been found that the experimental 
susceptibility is given much better by Slater 
wave functions than by Hartree wave functions 
or the Thomas-Fermi model.’ This indicates 
that, although the latter solutions hold better for 
the inner electrons, which contribute little to B, 
the Slater functions are fitted semi-empirically 
to give good agreement with sizes and energies, 
especially for the outer electrons. The quantity J 
is much more difficult to estimate; this is not a 
serious source of error, however, because of the 
logarithmic dependence of o; on it. 

It should be remarked that the velocity de- 
pendence of (4) and (10) is much more certain 
than the computed values of the parameters A, 
B, and I. Thus these parameters may eventually 
be determined experimentally with greater 
accuracy than given here. 

Experimental evidence for inelastic scattering 
8]. C. Slater, Phys. Rev. 36, 57 (1930). 
°G. W. Brindley, Phil. Mag. 11, 786 (1931); F. E. 
Hoare, Proc. Roy. Soc. A147, 88 (1934). 
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at small angles has been obtained by Kuper," and 
the agreement with theory in the cases of helium 
is satisfactory." 


Free electron scattering 


In a metal, the free conduction electrons also 
contribute to the scattering. This can be calcu- 
lated using the Rutherford formula (2), with 
Z=1." However, it must be remembered that 
because of the degeneracy of the electron gas 
(departure from degeneracy can be neglected at 
ordinary temperatures), only those electrons that 
would be knocked out of the occupied sphere in 
momentum space can cause scattering. The 
momentum transfer in a given collision is 
p=mvy9, so that a fraction (3p/4P— p*/16P*) 
of the electrons take part in a given collision, 
where P=2xh(3vN/8r)' is the maximum mo- 
mentum of the Fermi distribution, v is the 
number of free electrons per atom and N is the 
number of atoms per unit volume; for p=2P, 
all electrons can scatter. The differential cross 
section per atom is then: 


da; = 82v(e?/mv*y)?(30/40,— @/160,°)d0/ 6, 
6<20;; (11) 


do;=8rv(e?/mv*y)*d0/8, @0>26;; 


here: 
6,=0P/p=(2rh/mvy)(3vN/8r)'. 


There seems to be no reason to expect screening 
due to distortion of the electron cloud except at 
very small angles. One should, therefore, inte- 
grate (11) from «@ as a lower limit: 


ao; =82v(e?/mv*y)*(3/40.1a — 3/80 +a/160,'), 
a<26;; (12) 


o;=A4rv(e*/mv*ya)*, O>2463. 


For the metals included in Table I, v=3 for Al, 
and v=1 for Cu and Ag. 


Multiple scattering 


It is of some interest to see at what value of 
the object thickness multiple scattering sets in 
and the single scattering cross sections derived 


10]. B. H. Kuper, Phys. Rev. 53, 993 (1938). 

1]. B. H. Kuper and E. Teller, Phys. Rev. 58, 602 
(1940). 

!2 See also reference 5, p. 270. 
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above can no longer be used. It can be shown"™ 
that the quantity that determines the amount 
of multiple scattering is {@doe. From (7) and 
(11) it is then clear that the inelastic and free 
electron scattering contribute negligible amounts 





Fic. 3. Thin layer of antimony evaporated 
on collodion film. 


to the multiple scattering. Thus the usual treat- 
ment of multiple scattering applies, and one 
need consider only single scattering so long as 
the remnant of the incident beam of unit in- 
tensity : 


e-SNz7 S=a.+o;t+o,, (13) 


is large compared to the fraction of the multiply 
scattered beam that enters the aperture: 


ra’ f(0), (14) 
where Goudsmit and Saunderson™ have found: 


f(0) = (0.43 y2/4D) (v/c)* 
X(5.60—§InZ+3InD)“, (15) 
D=24.8 X10~*°Z?-Nx. 


8 FE. J. Williams, Proc. Roy. Soc. A169, 531 (1939). 
4S. Goudsmit and J. L. Saunderson, Phys. Rev. 58, 
36 (1940). 
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Z should be taken as the root mean square 
average: NZ?=)} >; N;Z;. For small thicknesses, 
the transmitted intensity is given by (13) and 
for great thicknesses by (14). In between, where 
(13) and (14) are roughly equal, plural scattering 
will have to be considered. We omit a discussion 
of this case since, for applications to electron 
microscopes, (13) will be the dominant term. 


III. APPLICATIONS 


A first practical example is the calculation of 
the thickness of the granules of a thin Sb film on 
a collodion support as shown in Fig. 3. There 
have been many proposals to explain the 
anomalies in conductivity of thin metallic layers 
by a granular structure.'® There have, however, 
been no direct proofs for such a structure. The 
electron microscope provides such evidence, 
showing, for instance, that a thin film of Sb is 
built up of individual granules of approximately 
250A diameter. These granules are remarkably 
constant in their dimensions parallel to the 
support, and also show a discreteness in thick- 
ness. This indicates that the granules grow per- 
pendicular to the support, and mav do this in a 
step-wise manner. The best part of Fig. 3 for 
measuring the thickness of the particles in a 
single layer is close to the big dust particle which 
produced a cast shadow (due to sidewise evapo- 
ration). The fo/t ratio is approximately 1.5. The 
number of atoms per cm’ for Sb, assuming bulk 
density for the small particles, is 3.3 10”. With 
a=2.4X10-*, the total scattering cross section 
for 75-kv electrons is 3.410-'7 cm?. Thus the 
thickness is 36A. An attempt has been made to 
check this figure by observing the profile of such 
an Sb-film on a curled collodion film. The edge 
appears rippled with an apparent height of the 
particles of about 50A+20A. 

Our next example is in connection with the 
investigation of the structure of soap curd fibers."® 
Figure 4 represents such curd fibers of sodium 
laurate NaC j2H23O>. As indicated before, we can 
assume additivity of the atomic (or ionic) cross 





15 See, for instance, E. Perucca, Nuovo Cimento 15, 365 
(1938); J. Strong and B. Dibble, J. Opt Soc. Am. 30, 431 
(1940). 

16 ||, Marton, J. W. McBain and R. D. Vold, J. Am. 
Chem. Soc. 63, 1990 (1941). 
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sections and the thickness can be computed from 


x= (>; S;Ni) 'In (to, t). (16) 


Here, Ni = Nopimp/M, where No is again 
Avogadro’s number, p; the fraction of atoms of 
tvpe zi in the molecule, the total number of 








Fic. 4. Sodium laurate curd fibers. 


atoms in one molecule (pm is therefore the 
number of type 7 atoms in one molecule), p the 
density and M the molecular weight. The 
density of the dehydrated sodium laurate curd 
is 1. The measured value of the fo/t ratio, from 


the fibers indicated by arrows on Fig. 4, is 1.20. 


Thus we obtain for 75-kv electrons’ with 
a=5X10-: 
N; S; N;S; 
Na 2.7 X 10?! 2.6X 107'8 7000 
i 32.4 3.2 104000 
H 62.1 0.58 36000 
O 5.4 2.5 13000 
160000 
x= 115A. 


It may be pure coincidence that other sodium 
laurate micrographs show a mottled appearance 
(Fig. 5) with a periodicity of 120-130A. 
Another interesting comparison is given by the 
thin films used as supports for a great number of 
electron microscope specimens. Different plastics 
have been used for this purpose, the most 
common being collodion (mixture of cellulose 


trinitrate and _ tetranitrate) and guncotton 
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(cellulose hexanitrate). The thickness of an 
average good film has been computed by weight- 
ing and found to be about 100A. For collodion, 
t/t is observed to be between about 1.1 and 1.2; 
these give (assuming a mixture of equal parts of 
tri- and tetranitrate) x=58 and 110A, respec- 
tively, for a=2.4X10-*, and x=45 and 87A for 
a=5X10-', at 75 kev. 

Among many further interesting applications 
one more may be mentioned: the application to 
metallographic specimens. Such specimens can- 
not be directly observed by actual electron 
microscopes because there is no true reflection 
of electrons. On the other hand, a thermionic or 
a secondary electron microscope does not possess 
the same resolving power as a high voltage trans- 
mission microscope. The obvious way out of this 
difficulty is to prepare thin replicas of the surface 
to be investigated and to observe these replicas 
in transmission. Figure 6 shows an example: the 
structure of etched stellite reproduced by allow- 
ing a drop of diluted gelatin to dry on the 
surface.'?’ The peeled-off gelatin film can either 
be observed directly or reproduced again by 
covering the side which was in contact with the 
metal with collodion solution and dissolving the 
gelatin after the collodion is dry. Except for 
shrinkage the replicas reproduce with great 
fidelity the structure of the surface, and by 


calculating the thickness of the ‘‘ridges’’ and 








Fic. 5. Sodium laurate curd fibers. 


17 Prepared by Dr. E. G. Ramberg. 
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Fic. 6. Electron micrograph of 
stellite structure. 


“valleys” of the replica one can get valuable 
information that is not made available by any 
other method. 

It is worth noting that since a@ is less than 6; 
and 43 in cases of practical interest, the total 
cross section (except in the case of a metal) is 








rather insensitive to a, involving it only in the 
logarithm part of (10). This is illustrated by the 
computation for a collodion film given above, 
where a change in a by a factor 5 makes only 
about 30 percent change in the calculated 
thickness. 





Calendar of Meetings 


October 
1— 4. Electrochemical Society, Chicago, Illinois 
6-10 National Safety Council, Chicago, Illinois 


12-15 American Society of , Mechanical Engineers, Louisville, 
Kentucky 

13-16 Society of Motion Picture Engineers, New York, New York 

15-17 American Society of Civil Engineers, Chicago, Illinois 

20-24 American Society for Metals, Philadelphia, Pennsylvania 

20-24 American Welding Society, Philadelphia, Pennsylvania 

24-25 Acoustical Society of America, New York, New York 

24-25 Optical Society of America, New York, New York 

24-25 Society of Rheology, New York, New York 


30-Nov. 1 Society of Automotive Engineers, Los Angeles, California 
30-Nov.1 National Research Council Conference on Electrical Insu- 
lation, Williamsburg, Virginia 


VOLUME 12, OCTOBER, 1941 


November 
3— 5 American Institute of Chemical Engineers, Virginia Beach, 
Virginia 


21-22 American Physical Society, Chicago, Illinois 


December 

1— 5 American Society of Mechanical Engineers, New York, New 
York 

5— 8 National Research Council, Highway Research Board, Wash- 

ington, D. C. 

10 American Standards Association, New York, New York 

29-31 American Physical Society, Princeton, New Jersey 

29-31 Geological Society of America, Boston, Massachusetts 

29-Jan. 3 American Association for the Advancement of Science, 
Dallas, Texas 

29-Jan.3 American Astronomical Society, Cleveland, Ohio 


765 








Innovations in Instruments 








New Polarimeter and Polarizing Microscopes 


An inexpensive polarimeter is now made available by the 
Spencer Lens Company of Buffalo, New York. The 
polarimeter, which functions about the same as a polarizing 
microscope but provides for the use of liquid instead of 
solid materials, is designed for teaching polarimetry, for 
routine laboratory work and for industrial measurements. 
Elimination of the expensive Nicol prisms through use of 
Polaroid elements of selected quality, manufactured es- 
pecially for the Spencer polarimeter, has made possible its 
low cost and fine performance. 

The Spencer Lens Company also announces a series of 
polarizing microscopes, six new instruments ranging from 
the usual chemical microscopes to the large research instru- 
ments for petrography. All are larger and heavier than past 
Spencer designs and have new refinements for facilitating 
observation and measurement of optical phenomena as 
exhibited by various microscopic materials under the 
influence of polarized light. These instruments are used in 
the analysis of crystalline materials or liquids that can 
be crystallized by evaporating a drop on a microscopic 
slide, and non-crystalline materials such as starches and 
fibers. The more complete microscopes have Ahrens prisms 
for polarizing light; these are made of three wedges of 
calcite so cut and assembled as to give plane polarized light 
and maintain a large field of view. 


A booklet describing “The use of the Spencer polarim- 
‘eter’ as well as further descriptive material and price lists 
may be obtained from the Spencer Lens Company, Buffalo, 
New York. 


“Magic Brain” 


The Magic Brain, RCA Victor’s new automatic record 
playing mechanism, plays both sides of records without 
turning them over. This feature, unique in automatic 
record-changing devices, is made possible by the use of two 
motors, one to drive the turntable and the other to operate 
the automatic mechanism. This also makes it possible to 
increase the capacity of the mechanism to 15 ten-inch 
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records or 12 twelve-inch records. As soon as the Tandem 
Tone Arm has played both sides of a record it swings free 
to permit the turntable assembly to tip over to the left, 
gently carrying the record into the padded pocket below 
the mechanism. While the turntable is in this position, the 
next record in the stack drops silently to the heavily 
felted motor board. The turntable then returns to its 
original position, raising the record from the motor board 
en route. While the record is held in position by the record 
support posts, the turntable spindle seeks out the center 
hole of the record to be played and finds it, positioning 
the record for playing. The Tandem Tone Arm is actually 
two complete Magic Tone Cell pick-ups, set one above 
the other into a tone arm shaped somewhat like a tuning 
fork. Its action is completely automatic from the time it 
leaves rest position at the touch of the starting button until 
it returns to rest after the last record has been played. 


New Sound System 


An all-purpose sound system, complete in one compact 
unit including amplifier, controls and record player, has 
been announced for use in mobile, portable, or permanent 
installations by George Ewald, RCA Commercial Sound 
Division Manager. 

The new system operates from 105-125 volts, 60-cycle 
electric power, or from a 6-volt storage battery with very 
low drain. It delivers 15 watts output, making it suitable 
for such uses as in sound trucks, advertising, amusement 
parks, sport events, political meetings, parades, fairs, 
carnivals, sales campaigns and picnics. 


New Tubes 


A new series of vacuum tubes known as Midget Tubes, 
designed for use at ultra-high frequencies, has been an- 
nounced by the RCA Manufacturing Company, Inc, 
Harrison, New Jersey. These tubes are: 

RCA-9001, a sharp cut-off pentode intended for use as 
an r-f amplifier or detector. 

RCA-9002, a triode with moderately high amplification 
factor, useful as detector, amplifier, and oscillator. 

RCA-9003, a remote cut-off pentode designed for mixer 
and i-f or r-f amplifier applications. The super-control 
features of this tube make it very effective in reducing 
cross-modulation and modulation distortion over the entire 
range of received signals. 


Ignition Marker of Tubing 


An improved patented ignition marker, suitable for 
aircraft engines and many other applications, has been 
perfected by the Irvington Varnish and Insulator Com- 
pany, 24 Argyle Terrace, Irvington, New Jersey. The 
individual markers consist of lengths of inside and out 
varnish-impregnated insulating tubing, on which suitable 
identification is screen printed with a specially formulated 
ink. Furnished in standardized lengths which are slipped 
over the wires to be identified, the new markers are 
available in two diameters (nominal I.D. 0.263 or 0.294 
inch). 
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